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The enclosed development study wos perforric2 on the Bureou of Navol
Weaopons Contract NOw 61-0355-d.

Phose | of this study was initiated to develop a "Generalized Honeycomb
Thermal Strese Analysis” which would offes the copability of predicting
thermal limits for any oircraft subjected to the ffects of a nucleor explosion,
The method developed for. this contract is bosed upon a recently developed
"Allowable Stress Method™ with the copability of predicting fhe offoweble
lood on any structural cross-section in ony flight and thermal exposure
environment, The "Allowable Stress Method® is considered one of the most
importont developments in analysis of dircroft structures in recent years,
Such an approach on this contract gives the user not only a nuclear effects
onalysis method but @ "Generalized Allowable Structural Loads Method®.

by bewd omey D GUN O3 WP OGN

Phase 11 of this study was initiated to develop design procedures for a wea=
pons system subjected to the effects of a nucleor explosion. The design
procedures developed during this study provide a method of deriving the
minimum weight configuration to provide the needed delivery or escape copa-
bility. The optimization of composite structures with a thermal gradient
presen* is a break-threugh in automated design methods. The procedure with
minor modification can be used for the aerodynamic heating problem as well
as the nucleor effects heating problem, °

3
%

o

[

wcammad
'

¢

e
L]

Y
1

Recognitions .

[ y—

V-

Recognition must be given to R.W. Gehring, Specialist, Structural Devel-
opment, for his cssistance in ‘he preparation of this report and development

> emeand
[y ..

-
S s e .
£ MR ARRTIp
-, - » - - - B
S ST,

' . s “r-"

of the finalized Allowable Stress Mathod. ]
NS

bt

! 1" Further Recognition must be given to Dr. B.E. Gatewood, Consultant, for :':-?;.:"
3 ! the initial derivation and development of the basic Allowable Stress Methods {.‘q‘. )
; used in this study. o A
T e
i_ Recognition must also be given to James Richardson, Structures Engineer, ey
Structural Development, for his assistance in the preparation of this report :
[ and the development of the skin striinger box beam optimizarion method. ‘,.
s
<. -_.:-1

- [P - i I T R B s S BRSPS T N

..................................




»
N Saction.
X JOCRON.
;
B
;

'’ Co v s
b it bt S il bl i
(4

2.0
A { .
3 !
.’ ] 2. ‘
3
1 |
F
p
A
¥
{
2 H
]
] §
ke
1

€
i
; .
, |
4 [
: i
4
i t
7

] i
H

3
R N

»
A ' i
. b 3
»
4‘

i

- - I - - —

“
L T PR AU
UL S T A - » -

NORTH AMERICAN AVIATION , INC."

COtYnBUS PivisON"
COtyniug 10, B

TABLE OF CONTENTS

Abstroct .

List of Figures ond Tobles

List of Symbols

References

Jatroduction

General Discussion of the Allowable Stress Method
Development of the Allowable Stress Method
2.1.1 Basic Strain Equations

2.1.2 Temperature and Load Strain Equations
2.1.3 Shift in Origin of Stress-Stroin Curves

2.1.4 Sign Convention

2.1.5 Stress Equations i
2,1.6 Buckling and Crippling Loads
2.1.7 lteration Equations
2.1.8 Column Procedures
2.1.9. Célumn Representation
2.1.10 Failure Criteria
2,11 Load-Deformation Curves
il

:

<

.
-
.
.

“* .
Rx:
.M
-
k>

>

‘a
-
"
L
-
o
.~
.
.
"

o

..
Tt e
LA )'
PRI N

N

-
!

’, l'
[ RO RS "
2 » v 3 N > .‘ " » .' " " . »
e s u.‘b‘Jr'.J’_’.-’x-‘.-]. FORK i

-
---------




B acr araali st b oo RIS

frv]  peesl g MR PN e

PR S

.
PoAesmand

1

ONM‘

L I

L]

.

[rrreRsyy

-t
]

1 -t

3.0
3.1

3.2
4.0
5.0
6.0

6.1

6.2

6.3

NORTH AMERICAN AVIATION ,-INC.:

COLUMIUS DIvis D
COLUNINS 58, Coup

TABLE OF CONTENTS (continved} *

Somple Problem

" 2.2.1 Sk:n-Striinger Compression Allowables

tncluding the Effects of Induced Bending
2.2.2 Material Properties
2.2.3 Computed ond Test Data Comparison
A Simplified Hond Calculation Method
Simplified Method Development
3.1.1 Thermal Stress Equation
3.1.2 Analysis Development
Sample Problem
General Honeycomb Panel Buckling
Thermal Stress Substantiation Test
Discussion of Optimum Design Procedyrs
Honeycomb Panel Optimization
6.1.1 Fixed Load
6.1.2 Fixed Strain
Honeycomb Box Beam Optimization
6.2.1 Spar Web Design
6.2.2 Straight Spar Web Beam Design
6.2,3 Corrugated Spar Web Beam Design
Box Beom with Skin and Stringers

6.3.1 Box Beam with Straight Webs

....................
.....................

87
89

101
107
108
m
115
119

19

P et e e .
. g »
¥ ‘e % .""- v v "«:
e s . . v .
L L NS
PN BRI B »

\
o

s
EY
*
a
Al

‘KXIA l‘. 3 -l ‘l

. . -
oy« |-, , ”n .‘
L.‘.n.l;.L\.'.A.a."suu

L

P
[ 'l‘i
» T

s
‘n"‘

el
O}
B

’
.

‘-I ) ".

—

. s o Te
A .
PR .
Loy vt
LI .
»

! v e e .
L o
‘ 3 . 1] 4
. .A‘AMMMJL.MQAJ_ML!.LMAQAA




NORTH AMERICAN AVIATION , INC. ' :

COLVMBVS BiveteOn -
COLVnINS Lo, GG . —I
Section . ~ Poge oL
6.3.1.1 Determination of Lower Cop Acecand - 2
Skin Stringer Configuration 3}
6.3.1.2 Determination of Upper Cap Area and 126
Skin-Stringer Configuration
1]
, 6.3.1.3 Box Beam with Straight Wels [ x¢¢
5 6.3.2 Box Beam with Corugated Web 137
6.4 Parabola Curve Fitting Method 139
6.5 Conclusions 141
; ’ Appendix A - Honzycomb Panel Generalized .j
; Buckling Substantiation
: A.l Chiective ' L I L
A.2 Specimen Configuration R - j:-A
i I g oo
: A3 Test Procedures and Results ) 2 F o
i e
: + A4 - Test Conclusions 2 P~ Y
§ Appendix B ~ Themnal StressSubstantiation o 1 ‘
for Existing Structures ' T E e
8.1 Objective 15 b d
~ R~
i B.2 Specimen Configuration 15 F o g ::::
H l; < - : :‘
8.3 Tet Set Up . 15 p '_:}::}:
. B.4 Test Procedure and Resulis . W 3 ":—."
| . R
! B.S Test Conclusions 19 = 8
2 'i"\l‘:.
Appendix C = Allowable Load Programs '.“:zfi
c.l! Column Allowable Program for Detemination 56 ;o "‘
of Buckling Coefficient | TR
E el
C.2 Intercell Buckling and Face Wrinkling Progrom 95 N -:; ﬁ::-1
. e .'::::
5 I e
v [ i
] .
R e B e S e e e T e LTy T e e T N e B T A }



« - BBV 1

Fat e T AW

N R Y B ST e WP AR

W W -

ps

oot fesed e

D.1}

D.2

NORTH AMERICAN AVIATION , INC.

COLUMIUS BIviSiges
COLUMENE- 10 GG

Discussion of Allowable Load Computer Program
C.3.1. Fortron Symbols Listing

C.3.2 Fortran Progrom Listing

C.3.4 Somple Computer Data

C.3.5 Block Diograms and Data Storage Location

AppendixD - Optimization Progroms

Honeycomb Optimization Programs
D.1.1 Fortion Symbols Listing
D.1.2 Festron Program Listings

D.1.2.1 Honeycomb Pane! with Fixed Load

D.1.2,2 Honeycomb Panel with Fixed Strain

D.l.2.3( Box Beam)

D.1.3 Somple C;mputer Dato
D.1.3.1 Honeycomb Panel with Fixed Load
D.1.3.2 Honeycomb Panel with Fixed Strain
D.1.3.3 Box Beam

D.1.4 Block Diagrom (Box Beam)

Skin Stiinger 8ox Beam Progrom

D.2.1 Fortran Symbols

0.2.2 Fortron Program Listing

D.2.3 Somple Computer Data

D.2.4 Block Diogroms

103
104
ng

151

178

217
218

224
242

256

234
248
324
270
333
334

388
345

-~y
.

Ly
.

-y
.
i




LM Jon e agu b 2
I A4 ’;"1, !,'
LR ] - PR

»

P
.

h i e i g i

2 — ger

Dl

T -' I‘ rpury
, e v - S

Lk bt |

T

........
.....

B etk Dot ol datid

[PREY

NORTH AMERICAN AVIATION , iNC.

COLUMEUS DivISION
COLUMIYS L8, QD

LIST OF FIGURES AND TABLES

FIGURES

NUMBER  TITLE

2.1
| 22
2.3

2.4

2.5

2,6

2.7

2.8

2.9

2,10

2.1
T 212

2.13
3.1
3.2
3.3
4.1

4,2

e

Y

PAGE

Shift in Origi.n of Stress=Strain Curves 16
Calumn Effective Arca Approximation 40
Interceilular Buckling Allowable Curves 45
Face Wrinkling Allowable Curves 46
Typical Skin-Stringer Column Allowable Curves 52
Tension Stress-Strain Curves 56
Room Temperature Tensile Coupon Stress-Strain 57
Curves and Equivalent Ramberg-Osgood Equation

Effect of Temperature on The Mechanical Properties 58
of 7075-16 Base Aluminum Alloy

Material Recovery Properties 59
Skin-Stringer Buckling Panel Load-beformuﬁon 61
Curves

Schematic of Stabilizer Cross-S‘ecﬁon &2
Moment~Deformation Curves Using The Procedurss &3
of Section 2.0

Chordwise Strain Distribution Curwef &4
Temperature Distribution Curve 66
Skin Temperature Vs, Skin Thiekness Curves 70
Element Numters for Sample Problem 75

Load Chonge Vs, Temperature Change 2
Computed Allowable Test Load Vs. Hot Face 83
Temperature

vi
T R e L T e e

YRS
L e
- .

N :}

’
{

¥

s
)
L3

LT
.

1 '.“

L]

2

IR IR
by e b
LN A
. ® . N
3 SRR

e

. .
. HAN .
. ' .
o "'*‘1_1:..‘4.__1: e oa st

] [ AR
H T
®, .

AR |

) et .
v, ooy P
« [ . " 3

.
"D . 1 ]

v
as

* l",“'
el R
v lrl l'l

»
’

]
e .
: '.‘:J‘J' AL

9,

o .
. :. . n o,
P N
P PR RY PO RN

N A
' .

.

W

A

2




B LA

Avoray v

NORTH AMERICAN AVIATION , INC.

COLUNENS PIVISION
COLUNIVS 16, BINE

LIST OF FIGURES AND TABLES {Centinued)

NUMBER TITLE

) ey ey GO OO BN OB WS

PAGE
6.1 Honeycomb Pone! %
6.2 - tHexcell and Square Cell Cores 0
6.3 Correlation of Honeycomb Therma! Response 9R
6.4 Correlation of Honeycomb Thesma} Gradient v
6.5 Optimization Curve 100
6.6. Optimization Curve 102
T 6.7 Optimization Curve 106'
- 6.8 Straight Web Box Beam 107
l 6.9 Corrugated Web Box Beum 108
}‘ 6.10 Corrugated Web . 109
' 6.11 Optimization Curve (Straight Web Box Beam) 116
I . 6.12 Optimization Curve (Corsugated Web Box Beam) 118
l 6.13 Box Beam with Straight Webs 119
' 6.14 Lower Cop | 125
I 6.15 Upper Cop 126
T 6.16 Skin Temperature Versus Skin Thickness 127 _
6.17  Box Beam Bl
. 6.18 Optimization Curve 136 -
) 6.19 Superposition of Room ond Elevated Temperoture 143 .j
.- Optimization Cusves o }
N 6.20 Superposition of Multi-Condition Optimization Curves 142 ‘.
- ; ]
~ :
.
e e e e e e o




e . R .. . TN ) N L .
I S TN DR B T SN . . B A

NORTH AMERICAN AVIATION , INC.

COLUMUS PIviLION
COLUmMBUS 16, OO

cadatd o

"

. 3 , . UIST OF FIGURES AND TABLES (Continued)
?L NUMBEK  TITLE o PAGE
% Appendix A
i Al Jig ond Ponel Assembly 3
* A2 Load~Time Curve (Spec. 3,4,18,20 8
2 A3 Locd-Time Curve (Spec. 16, 21, 24) 8
: A.4 Locd-Time Curve (Spec. 6,9,11,13,25) 9
‘f A5 Hot Fece Temperature-Time Curve (Spec. 3,4,18,20) 10
i A6 Hot Face Temperature~Time Curve (Spec. 16,21,24) 10
» A.7 Hot Face Ten parature=Time Curve (Spec. 6,9, 11,13,25) 1
i A.8 Cold Face Temperature~Time Curve (Spec. 3,4,18,20) 12
A9 Cold Face Temperoture~Time Curve (Spec. 16,21,24) 12

A.10 ‘Cold Face Temperature-Time Curve (Spec. 6,9,11,13,25) J2
{ AN Test Set Up 13
A.12 Typical Honeycomb Failures 14

A.13 Typical Honeycomb Failures 14

T ET e - Omepa e %

P L T s

MR AR SR 1 o e N

viil




e

el ben MR BNE AN

e

+

4 i@ s ) Somtisn § berra s §
" 1 (]

s

T e I e

4

LT

NORIH AMERICAR AVIATION , INC.’

COLUMINS Ev15000
COLYadYS 45, Od

UIST OF FIGURES AND TABLES (Continued)

FIGURES
NUMBER  TITLE
AEEndi xB

g1
B.2
8.3
B.4
B.5-
B.6
@.7
B.8
B.9
‘ 8.10
8.1
8.12
8.13
B.14
B.15
B.16
B.17
B.18

B.19

Lood Diogram
Stroin Goge and Thermocouple Locations

Lood-Strcin Cutve (Goges 7,8,9, 14, 15,18

. Lood~Strain Curve (Goges 10,11,12,13,22)

Tempem!ure:-Stmin Curve {Goges 1,2,3,4,5,6
Temperature-Strain Curve (Goges 7,8,9, 14, 15, 16) '
Temperature-Strain Curve (Goges 10, 11,12,13,22)
Temperature-Strain Curve (Goges 17 thry 21)
Temperalure-Strain Curve (Goges 23 thry 33)
Load-Strain Curve (Goges 1,2,3,4,5,6)
Load-Strain Cusve {(Goges 7,8,9, 14,15, 16)
Load-Strcin Curve (Goges 10, 11,12, 13,22)
Lood-Strcin Curve (Goges 17 thry 21)

Lood-Sticia Cusve (Goges 23 thr 28)

Lood-Strain Curve (Gages 29 thry 33)

Skin Stringer Ponel Lood Diogram

Stress-Time Curve (Specimen A)

Temperature-Time Curve (Specimen A)

Stress-Time Curve (Specimen B)

ix

.........

PAGE

21
26
28
29
3t
35
37
38

39

41

&

45

-t .




NORTH AMERICAN AVIATION , INC.

1 COLtUmBUS B1vISIDN
- COLVmBYS v, OME

LIST OF FIGURES AND TABLES (Continved®

} ' FIGURES

] NUMBER  TITLE ' PAGE

; 8.20 Temperature-Time Curve (Specimen B) 45

) 8.2} LoodTime Curve (Specimen ® - 7

: B.22 [ood'-Sf_roin Curve (Specimen B) 49

? B.Z?; Tensile Coupons Lood~Strain Curve . 50

* 8.24 Horizontal Stabilizer Test Set Up 51 .
8.25 Horizontal Stabilizer Test Set Up 51
B.26 Troiling Edge Cooling Set Up ' 52

; B.27 Stobilizer Failure (Run No. One) 52

‘ B.28 Stabilizer Rework 5
B.29 Stabilizer Failure (Run No. Two) 54
8.30 Skin Stringer Panel Test Set Up - 55

) B.31 Skin Stringer Panel Typical Failure 55

|

!

f

‘ x

..............

h = L. - A et T T At At ta et T te St e et e
R D T T S D e
R AT AP S S C Lt TRV (- f & SR S LT e e



oot I

vy

. e > SRR

A i - o

- " o
D e SN

- - » - - - . -
. - - - Cl o’ »
WY e TR LSANN TS s A

NORTH AMERICAN AVIATION , lN;_.

COtUmIUS B1vissles
COLUnIYS 30, B

“ LIST OF FIGURES AND TABLES {Continved)

TABLES
NUMBER  TITLE
2.1 Logic Table for Selection of Element
Stress-Strain Curve
2.z Effective Columm e, Vafues
A Sample Problem Data
4.1 Honeycomb Panel Generclized Buck ling
Test Date
Appendix A
A.0 Pane! Configurations Test Data
Al Typical Test Data
A.2 Summary of Test Results
8.1 Thermal Strain Data at Zero Load
(Rva No. One)
B.2 Lood-Strain Data
8.3 Them;:l Strain Data at Zero Lood
(Run No. Two)
B.4 Load-Strain Data
B.S Skin-Stringer Load-Temperoture-Stress Data
B.6 Lood-Strain Data (Specimen B)
xi
L T T ey Sttt

v e
R
et Tl
LY o N

. JORR IR
T4




¥ 7 1 .

-

W

. Ay

4w

NORTH AMERICAN AVIATION , INC.

COWNES DIvGipn-
COLNMYS 14, il

© SYMBOLS

Effective erea, in.2

Area of lower panel, in.2

Yool oree, in. 2 _ .
Acea of uppes panel, in.2 .

Aeft

AL

An ' Areo of element ", in.2
Ae

Ay

a Width of loaded edge, in. : S
b

Maximum value of x,, or length of unloaded edge, in.

bo Comugation length, in. N j

- by Corrugation depth, in. "6‘
I )

by * Wiidth of plate element *n", in.

Effective width of plate efement ™", in.

L L....A.LA_.;..AA

[T ¥
L)

. ‘ BR Spar web bend rodius, in/in

o . BRS  Allowable spar web bearing stress, lbs/in2
L by - Shringer spacing, in.

bst,- Lower stringer depth, in.

. by ' .box beam depth, in.

X; ’ C Core depth, in.

LY
P s-8 2 a4 » » . .
[ A PR T Tl P R L L ]
' T e, I ] ’ . e
N l e SN ] . St
S P AT AT IR AR R R
X ALY AR Bt e S

. Cn Effective area coefficient of element "n*

o

Cy Proport’onal limit stress// F’

i CL Chord length, in.

3
i

1" c Maximum value of yq, in

Cs Upper cop strain, in/in.

'
i
R -, . s €
e [ et
e, © e ,'-,'.J-‘. o
” . » r . - M .
e o O T A e e

N

................
------------------------

¢
.
.
3
L 4
.
v
3,
2
¢
LS
<,
’
s
p)
'3
S
v
»
H
'
:“
\
[
'
<,
4
)
4
[
£
.
<
\
5
"
(]
.
.
.
|
I
4
y
.
k!
'
*
‘
]




A W eeema g

N T

T ——

......
.....

NORTH AMERICAN AVIATION , INC.

COLUNEUS Bivisioes
COLIadNE 64, Sing

Specific héat of core, Col/gm-2F
Specific heat of foce, Col/gm-oF
Young's modu!;:s for the core, Ws/in®
tower cup shrain, nfia

Modulus of elasticity at temperature of element

»_u
»,

Modulus of elasticity ot room temperature, lbsﬁnz

Upper cap strain, infin

Reduced modulus = 2E E/Fs + E

Secant modulus = £/ + .428 (F,/ Fcy)"—l
Tangent modulus = E/1 + 428 m (Fo/Fgy)™1
Elastic applied load strain, in/in

Critical column buckling strain, infin;
critical buckling strain of plate element, infin

Lower panel strain, in/in
Bending strain on lower panel, infin
Total strain in element “n®, infin

Element strain denoting new origin of stress-strain
curve, in/in

Aviol strain for inelastic effects, in/in

Strain in element "n" at temperature step, in/in
Spar web strain, in/in

Applied elastic stress, Ibs/in®

s e e o
UL [SRCR
‘ » .
[ ,
0 ’
.
-~ ‘o Ty fo b o
L)) ALal ] r

ciasl

.

el
o

’I’l
[
’

“Tr'a
.

7
& ']
sty
- l’p,l‘l'lrb

,-_-,.
¥

e

a0 s e

. "
......
..........




Py

ke
by
i
{
i
-
i
S
o
i
i
/

NORTH -AMERICAN AVIATION , INC.

COLYoUS DU oegn.
COLIndug 2. Qg

SYMBOLS (continued)
Bending stres, g/t

Conpression stress, tos/in

Allowable erippling stress, Bs/inz
€ut-off stress for.crippling, /i
Stress in element “n*, los/in’-

Ultimate sheor stress, Ibs/in?

Ultimate allowcble tensile stress, .Ibs/in2

Tension or compression yield stress of
element "n*, Ibs/in2

Yield stress, lbs/in?

Shear modulus of core material;-1bs/| in2
heat capacity of honeycomb core, Cal/em?Z OF

Heat capacity of facing, Col/cm2 °F
Heat transfer coefficient, Cal/cm2 sec OF
Upper stringer depH;, in

Moment of inertia, Fn4

Total elastic moment st.rain, infin

Elastic applied moment strain obout the x-axis, in/in

Compression buckling coefficient; thermal conductivity,
Cal/cm sec °F

Compression buckling coefficient for element “n”
depending on edge fixity

Moment strain term for initial deflection, in/in

Internal moment strain about x-axis, in/in

»
......

~ - ar
-----
........

LI o

LN B

A AT T e

a e oW
et A

¢

. . . » v E]
BRI ) SN Sawre. A

‘.n"l{

=t N
y .

~
* H
ol

AT ORISR

N -
20

.l""’"."{
F 2 2
10

N
»

«

<y
* A
3"y
1 ]
L3
& 1] « .« ~ 7 L]
AL L A,

,,.
P
'lr. l'

et bala - ia.

e Popdchade

“ % .

. PP PR
e . R ‘
g.\('n_J.sh.‘lJ A

L P
PR
- r 1
A

et
g ol e

.
P

R b .
5o @



ez

)

v e NP o N ARV PTIINDRY

-

...................

----------

o;'a”.éuﬂ.:zgg_é‘;;il;PKJQ;;I‘Z‘Q”,J{’

QT
QT

NORTH AMERICAN AVIATION , INC.

COLUMBUS QIvISION
COLMMNS 4o, GG

SYMBOLS (Continued)
Element "n™ crippling-coefficient -
Moment strain to comrect for inelastic effects, in./in.
Sheor buckling coefficient
Them;ol moment siroiw, in. /i
Moment strain due ta deflection, in./in..
Spar web shear buckling coefficient

Spor veb compression buckling coefficient

- Thermal r.cdioﬁon constant, °F in.

Lower stringer compression buckling coefficient
Effective column length, in.

Bending moment, iél.-lbs.

Ramberg-Osgood exponent depending on material
Primary bending moment compressionin. lbs
Critical reverse bending upper panel moment,in Ths,
Maximum rivet diameter, in.

Induced thermal moment,in, Ibs

Number of waves in buckled porel

Axial load, fbs.

Applied oxial load, lbs,

General buckling coefficient.*

Poisson's ratio

Shear load, lbs.

Radiont exposure to the upper ponel,Ccl/cm2

Radiont exposure to the lower ponel,Cel/cm2

* See Poge 6
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SYMBOLS (Continved)
Cellsize, in |
Temperature, °F
Core foil thickness, in. .
.ﬁcu’ng thickness, in. |
Thiclmess of element "™, .
Lower stringer th;cknec, in.
Upper skin thickness, in.
Web thickness, in.
Lower skin thickness, in.
Lower stringer thickness, in.
Base temperature » °F

Deflection of structure fiom its original unloaded position,
in., ‘Spar spacing, in.

Moximum deflection ot center of plate element, in.

Distance from verticol elastic neutral axis to
centroid of element "n™, In

Distance from vertical reference axis to centroid
of element "n", in.

Distance from horizontal elastic neutral axis to
centroid of element *n"®, in.

Distance from horizontal reference axis to centroid
of element *"n", in.

Thermal coefficient cf expansion of element "n", in./in./°F

Radius of gyration, in.
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SYMBOLS {Continued)

(R el R S PO

}T Poisson’s rafio.

i:: A lncren)ento;zl change
X ‘ ' : f_" Honeycamb therma! response poromates
N Pe Density of core B.ﬁn.’

7 Demsity of focing s fin>"

Thermal grodient on honeycomb panel °F

AT, Temperature rise on front face of boneyc.oab panel °F
0 Time to peak imadionce, sec.

_ Vx Vy)
Ppa = K+ =7 F

- T+Ll+Vx F
C
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SYMBOLS (Continved)

The comstonts Cp, G5, G,, C, are dependent upon the edge fixity com—
ditions of the ponel. A listing of these values follows:

Edges simply supported.
cp =y =F =1 Cg = a2a2

T - =
T b = pael length, s &« =paned widih, i
. n = number of half waves

- Looded edge simply supported
Unloaded edge clemped

.
.

..
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>

.
"Wt l,‘ {
L}

|
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P
. f .
. « %
»
Load h.xLA' PP WL )

v
RN TR

! ' 2
g Cl = 5-33 bz Cz = lo33 C3 = n °2 C4 = 1.33 bz
oy

.- Loaded edge clomped
Unloaded edge simply supported

Cp=1 c3=(n4+6n2'+1)
n“ + 1

Forn=1 Cy=.75b2 Cy =
7
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SUBSCRIPTS. ==

A

- Applied tofaf

op  Applied

cc . Crippling

H

’
.
Py

€.0. Cut~off . . . =

v
»
[}

RRER
RN
cs Criticdd ;-_ . :

cu . Compression ulfimate

cy Compression yield

. s A

.
. .
2 ‘u(g.{.xk".b.xi

e Effective; equivalent

'
!
i

@,
.

H
1

- P 4
- . N
N K . . .
« vy .,
PR

L Inifial; intemal

i i Step in temperature~load cycling

P TTOI, .'.."i.

m Middle; extreme fiber

n Element number

. ., .
)
S

P Inelostic

o o

ps Permanent set g ::.:_ i

f Iteration step ' o

T Temperature

L e N PPN AT PP IS T W ST e
3
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x About x-oxis

P s ws
x [

~

About y-axis; yield -

M Column element number R
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1.0  INIRODUCTION

The "Generalized Honeycomb Thermal Stress Study®, was initiated in two phases fo
establish the capability for analysis and design of oircraft subjected to nuclear
explosions. Phase | of this study, “Analysis and Tests”, is discussed in Sections 2.0,
3.0, 4.0 ond 6.0. Phase 11, "Optimum Design Procedures”, is discussed in Section
5.0.

The analysis procedures developed during the Phase | studies are presented in two
sections: a detailed exact method and an approximate hand caleulation method.
The exoct method is based upon a newly developed "Allowable Stress” method.

- This method provides a toal by which the allowable Icod for o given structure con
be computed for any of three failure criterio; initial instobility, yield and ultimate,
The initial stability failure is based upon any critically instable element in the
structural cross-section. The yield and ultimate failure modes cre conversely
based upon the yield or vitimate of the total section and not of any one given
element as has been the case in the past. The load carrying capabilily of each
element during post-failure os well as pre~failure loading is accounted for fo
best predict the yield and ultimate of the total structural section. This exact
and cemplex method has been programmed for the 18M 709 Digital Computer and
demonstrated on a typical horizontal stabilizer for correlation of the theoretical
method against test results.

, The hand calculation method was developed from the normal thermal stress
analysis coproach with the elimination of os much of the detail as possible without 1
completely destroying the accuracy of the method, This method in more detail
was used in the past to predict the thermal limits for the FJ4 and A3J airplanes,

P Limits computed from this abbreviated method can be expected to be as much as
' + 15% in error depending upon the care token while making the analysis. From-
the stress distribution computed with the thermal stress equations, a comparison-
with element allowcbles must be made to determine the limits as demonstrated
in the example prcblem presented in Section 3.2, Although this procedure con
be accomplished by hand, it is particularly adaptable to desk calculators and
. small digital computers.

The Phase 1 study also included high temperature structural tests of a typical

horizontal stabilizer and several honeycomb panel configurations. The typicel

] horizontal stabilizer test was made to determine an ultimate failure load under
o transient temperature condition. This failure load was then compared with a
computed load showing excellent agreement.

The horeycomb panel tests perfermed during this study established test data

for courrelation with a general honeycomb panel buckling equation. Previous
( to this study, honoycomb panel buckling allowables were determined by

testing only. With the corelation of tha gensralized buckling equation,
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allowables for oll the structural elements con be computed theoretically.
thus providing the copability of analysis and design for thermol effectsan “

structures without excessive festing.
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The Phase §1 study has opproached the objective of aircroft design for
induced fhermal gradients os a design optimization problem. In general,

the nuclear effects problem has been-handled by defermining the limit which
the aircraft can withstand ofter the design has been completed. For the cse
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of circraft vulnerability to defensive weapons, o copability must be designed R

H into the ircraft. In many cases, it would also be a great advantage to pre- s

L determire the delivery copabilities os the aircroft is designed. [nitiafly ': S0
-E, i designing for the required capabilities will insure the best design for the { o
3 f, weopon system. R
E _ The design optimization methods developed during this study include; 1. - ‘
1 i honeycomb panels with a fixed load, 2. honeycomb panels with a fixed o
p - strain, 3. honeycomb box beam with strai ht or corrugated sper webs, 4. .03
- A skin=stringer box beam with straight or coriugated webs. In each of these 1 e
-.. : cases, ¢ minimum weight design is computed from a given load and thermal L R
o - input. The temperature of the hot facing is a varioble dependent upon the 3 "
b materia! thicknesses. The following dependent parameters dre also determined 3 :
E Lo in these optimization procedures; honeycomb facing thicknesses, core depth, 3 4.
T core cell size and foil thickness, spor spacing, spar web thickness, stringes i
';E " spacing. stringer thickness and depth. ; P
- %
s l SN
R The methods developed in this study provides a basic tool for nucleer effect a ‘ ;:;\.'
b} capability design. They have also established a basis from which further : N ::::c
%‘ T design methcds can be developed. 1 ~)
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* _ 2.0 GENERAL DISCUSSION OF THE ALLOWABLE STRESS METHOD e

When a structure is subjected to a non-uniform temperature distribution,
the elements of the cross-section of the structure have varying material
properties depending upon the temperature of the element. Thermal stresses
may be present due to a son-uniform temperature distribution and/or differ-
ent materials in the cross~section. The inelastic effects of buckling and
stresses beyond the proportional limit produce stress variations and distribx=.
tions within the cross-section. The strains associated with the stresses vary
due to thermal expansion opplied axial load.and/or bending moment strains
ond stress variations produced by the temperature distsibution.

T d

With the material property stress-strain curve of each element in the .
cross-secticn represented analytically by the Ramberg-Osgood equation _j
(Ref. 1) then, # C

Bt = Fn |1+ 3 [F\ o

- huanes (200. l) LN
FYI'! Fy n 7 F)‘n . . '» e

,_
p ' ;
e
e

where, for element n, F’n is the yield stress which depends upon

temperature, previous temperature and lood history of the element; F,
is the stress, Ep is the elastic modulus, and e, is the element strain associated

with the stress.

The following sections show the development of the strain, sfres'5, ond

equilibrium equations necessary to define the load-deformation curve for any
cross=section in any temperature-load environment.
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2.1 DEVELOPMENT OF THE ALLOWABLE STRESS METHOD

2.1.1 BASIC STRAIN EQUATIONS

Assuming a plane cross-section to remain plane ot all times, then.the shepe
of the strain distribution curve on the cross-section will always be thz same
shape as the thermal strain distribution curve except for possible roration
through o constont angle. This relationship kolds true whetker the material
is elastic or inelastic and regordless of the presence of kuckling. An cpplied
cxial lcad produces a constant strain and an applied moment praduces &
ro.ation through a constant angle. A general stzain equation may be wsitten
for any element n in the cross-section based on the cbove assumption. The
element strain, designated as e, consists of the sum of the elastic thermal
strain, the elastic opplied axial lood ond bending moment strains, and @

correcting lineor term to accouri for all inelastic effects. This strain may
be written as ‘

e, = er, + Fapn tep, (2.1.1)

Ea

where ey, is the elastic thermal strain and is defined as follows:

-, c

b

ef, = - (ajl')n + ey + KTx (Zﬁ) .+ KT)’ ("n) (2.1.2

where

- % (aT), EA,
0

En An

A
)

= ¢ |Mr, (BL) - MT (81,
¢ =2 y G . 2.1.3)
(EL) (E1) - (Elxy)? | o

Ky, = b MTy (E1) ~ M1, (Elyy)
(EL) (Ely) - (Ely)2
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The temperahwe moment terms in Eq. €2.1.3) ore defined by

i
. ‘ { Ml'x f ; (.a M, Fn Ay Yn
i ) — 2.1.4
n-“g Moo= Lk A%, 9 :
' and the elostic bending stiffness parameters about orthogonal axes x and y 4
. . ose defined by :
gf - 2 ' :
L @) = 25 Ay, B
< n 3 ,

—t—

2 .
; N Y (2.1.5) i . P

{daiidad

(e1)
; . (axy) 2n:EnAt'l"n)'n__ E —_‘

]

! if the bending stiffness of eoch element about its cwn elastic neutral axis is 3 Ll
- neglecteu. =

1

i ' From the orbitrary reference axes xg and yg the values x, and y, are ;
- defined by E‘
-~ k . >
: % = g - 5 B A T ;
] S E A ]
n n n 4
I > e :
t Yn % ynR - % Ey An YrR - 3
: 3 E A i
l "o - :
) The elostic applied axial load and bending moment strain term in Eq. 3
T @.1.1)% ‘
i F _ Yal + K [ *n 2.1 ;
1 Pn = Cop + Kapx (—(;—) Py \-5—- (2.1.7) :
!
! t
\ I3A
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where the efostic applied axial food stroin s

e - P {2.1.8)
P 5E, A,

n n

and the elostic applied bending moment strains on the extreme fiber elements

are .
Kop, = ¢ M, (E) - Mo )}
i (Ehy (Ely = (Elq2
| "0 Y S (2.1.9)
M, (B - (B, ]
K = b M E - M Ey
Py (Bl (Elyy - (El)2 |

In Eq's. (2.1.8) and (2,1.9) P, M,, and M, are the applied oxial lood,
bending moment about the horizontal elastic neutral oxis, and bending moment

about the vertical elastic neutral axis, respectively, for ony given cross-
section,

The inelastic correcting strain is determined by

on = ot Ky (13) + Ky (T,xﬂ_) (2.1.10)

‘C

where the values of the inelastic correcting strains

eps Kpxr and are
defined by the iteration procedures of Section 2.1.7Psuch t KP

hat the stfesses

Fp, corresponding to the strains e satisfy the equilibrium equations F
' - | £
M =2n: FnAnCnYn ‘ j 'j
My =2n: FrAnCr¥n ' 2.1.11) ¢ \1

where G,is the effective area factor for local buckling of element n os defined ‘\i

in Section 2.1.6. - -]
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2.1.2 TEMPERATURE AND LOAD STRAIN EQUATIONS

-1

Since the opplied lood may alrecdy be present when the temperature
is opplied to the structure, o non-uniform temperature distribution may
- " be present when the lood is opplied, the temperature may cycle witha
steady load acting, or koth lood ond terperature moy vory with time, itis
necessary to write the strain equations fo account for sequence opplication
- and removal of foad ond temperature. These equations must then allow for
. - the strain, stress, and temperature histories of the structural elements. -
Various factors involved are the true permanent set strains ot the end of ony
given sequence of temperature and load cycling, strain accumulation pro-
duced by temperature cycling, variation of material properties as the temp-
erature varies with time, and the recovery of moterial propesties ofter o
given exposure time of temperature. Under sequence opplication and/or
, removel of load and temperature unloading of some elements from an inelos-
tic position on the stress-strain curve may occur. For unloading, the
element strain is ossumed to follow a straight line of slope Ej (elostic) to
B zero stress and then follow o stress-strain curve with a new origin when
loading in the opposite direction. The shift in origin for any element is

- defined os:
~ €y = ©n -._Fﬂ. 2.1.19
En .

(See Figure 2.1.)

‘- IF reloading tokes place from any point on the straight line or from on
. elastic position on the new stress~strain curve, then the straight line s
' followed up to the original stress-srain curve (for strain hardening maoterials)
’ and the original stress-strain curve followed for larger strains. If reloading
L occurs from an inelostic point on the new stress-strain cusve, then the element
may follow a new stress-strain curve from a nevr origin as shown by (6) in
Figure 2,1. The effect that actually occurs depends upon the amount of
yielding that has occurred in the reverse direction. Until more test dato 7s
available to estoblish definitive criteria for reloading, it may be reosonably
assumed that a new stress=strain curve con arise whenever unloading occurs
from any point on the stress-strain curve where:
P4
- Fn = 0.80 (2.
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= This comesponds ta a shift in origin of the stress—stroim curve defined by , '-—'—-';‘1

i e > 004 ¢ i T

H n = Yo @.1.14 4

B L

T &

2 P

= if the stress—strain curve is represented by the Romberg~Osgood equation with - =

- . m = 10. (See Figure 2. Y where relooding to the old stress-strain curve at the “"‘-..1‘

maximum permissible origin shift defined by Eq. (2.1.14] is illustroted by (8. .- * N

- It is apparent, then, that with various efements in the cross-section loading, -7

- unloading, or reloading at ony step in the temperature-load sequence, that the NS

3 strains and stresses must depend upon the previous steps int the sequence to define oy

the proper stress-strain curve and origin. If ot each step in the temperature~ -

- load sequence the strain e, is assumzd to start from a new origin as defined by

Eq. (2.1.12), then the element strcin Eq. (2.1.1) ot any step | can be written
in terms of the previous step j~1 ond the load or temperoture application or

- removal at step j os: .

. . ) ) .

. enj F“I" (tz'l)ni + (e]--(— €op e‘)i
Enli’l
+ (K, + Kanf KP,Ji 1_:_+ (Kry+ K"Py+ pr)i =

T = F,,',_‘ ]

L —L & Ae,, ) (2.1.15)

€, . ALY

- ‘i1 ' A

i where Ep, :_y is the elastic modulus ot step j-1. Eq. (2.1.15) is general . J

since it includes both the thermal elastic strain of Eq. (2.1.2), the elastic

T applied load and/or moment strains of Eq. (2.1.7), oll inelastic effects which

! are represented by ep, pxr and K py* and the stress effects of the previous steps.

- Since the calculations are performed for temperature-load sequences

- where the effects of temperature ond load are not applied simuitaneously,

the general strain equation (2.1.15) is written as follows. For any temper~

- ature application or removal step; the element strain is:

) °

' T

- e

7 =%
. :: _-}
iy
°
- S Fa)
M) : 'b- . .\ . . - ‘: \:‘-- ‘:4;-.\’ ;“rl‘fh - \_ - :’ -:.:'. -.::.-‘ :_:’.: :'.-:. . -_. .~‘. .. -:. -‘::' :‘.‘ - ... . . - fhe .:.:: _': _:‘\::-‘_
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'ni - "'i:] + Aeni
= Fﬁ.- 1
FLo-(am, tlerre )+l + k) Jros
e I L
';.l . .
K. +Kg) *n (2.1.16)
T P
y v B
In Eq. (2.1.16) the temperature T,,. is the incremental change in temp~-
erature of element n from the last temperdture application or removal step.
The temperature terms ey, and K. are essentially as shown in Eq. (2.1.3)
and specifically for any empemfu}e application or removal step are calculated
as follows:
= EA
(2 EI'IAI.'D).
n i
K x
'l',‘i
(£ (a®) EAy) (SEA XD - (£ (@D EAXD. (S EAFD,
|» {n i i i
i (SEAY). (SEAxD - (TEAxy)?
nEnAnYni nnnni nnnnyni
K =
T,
’i
| [ECIEARNG A, - DA G A, |
i l_ (SE (SEASD - (SEAxy )
% B i o ﬂx“i n D “x“yni (2.1.17)
For any load opplication or removal step | the element strain is
18
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3
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Sy
{1
ﬁ
fn

(Kop*"‘p). x, (2.1.19
y Y 3

where,
P,
= i

[
P —
(T E A, '

M"i (2n EnA“x:‘:)i - Myi (:»:n EnAnxnyn)i

-

_(2.1.19)--

2 2
_(E En/"nyn)i (§ En’ﬁ‘n"n)i - (§ En'ﬁ*n"nyn)i2

Smar} St many [T Py e}
~
}
0

My (3 s,,Any:)i - My (3 EAR),
Y T AN

IS EAXY < "
i (ﬁ En nxn)i (% EnAnann)Ez

1 where P, M., and M, are the incremental loods and bending moments
applied or renloved at chy step j.
In Equations (2.1.15) ond {2.1.18) ey, is the strain directly ossocioted
with the stress Fy,, either as an elastic value or as a velue on the stress-strain
curve upon reloading. In this case the strain associated with the stress is

i taken as:
- j-m :
' i =

where e, is determined by Equation (2.1.12) but is not included in the sum
unless it olso satisfied the condition of Equation (2.1.14). k is the step ot
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o

which the lost sign reversal of ep,. occurred, ond j-mis the lost step ot
which eng satisfied Equation (2.1.14).
i

O J]
H

The stress equations of Section 2.1.5 ond the logic toble in Toble 2.1 - ~
ore required for the solution of the strains ond stresses ot ony step | v the

- temperature-lood sequence.
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_ 2.1.3 SHIFT IN ORIGIN OF STRESS-STRAIN CURVES

Figure 2.1 illustrotes the various stress-strain relationships which con o
arise during the sequence application or removal! of temperature and load.

,‘ ,-.v:
!
B
@

. 1 . Eoch efement in the cross—section is considered to behave according to one . 1
of these conditions ot any step in the temperafore~load sequence.  Analytically ':-_-:-3

- these conditions are described by the Ramberg~Osgood Eq: (2.1.22) ond the VN
{ logic table of Table 2.1 which allow for the stress and strain histories of the T
elements. R

- . [ ]
i Curve (1) represents loading on the original stress~strain curve from 11
the 0,0 origin. Assumirg no change in material properties due to tempera- !

ture change, (2) represents unloading of the element from an inelastic point '.J

} on (1) on an elastic line which has the some slope (€;)) os the elostic portion 3
of the original curve (1). Unloading of the element may continue until the o

element begins to locd in the opposite direction. In this case, a new stress- e

strain curve (3) is followed which has a new origin defined by the offsat strain A,

- eny where eng s found by Eq. (2.1.12). The elastic unloading lines (4) e
.- show unloading from tv2 different points on the stress-strain curve(3). Ohe ]
elastic line is similor to elastic unloading line (2) and tokes ploce from an RN

inelostic point on the offset stress-strain curve (3). Continued unioading of W

the element 11ay produce reloading of the element in the same direction os ..,

the original loading. This reloading is assumed to take place along a new e e

] stress-strain curve (6) which hos o different origin than either (1) or (3). P
. The other unloading lire (4) begins at a point on (3) defined by F, = 0.80 F. TR
A . n e

t which is the assumed limitation for reloading back to the oriy,nal stress-strain DN
curve (1). This defines 6 maximum permissible offset shown by Eq. (2.1.14) Y

. for the Ramberg-Osgood curve with m = 10, Continued opplication of strain .
‘! on the element produces reloading on an extension of the original siress-strain ]
curve (1) which ic designated by (7). - j‘::
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2T.4 SIGN CONVENTION :“_:“\}
The use of the equations of Sec. 2.1.1 and 2.1.2 requires thot -"“u:
definite sign conventions be estoblished for compatibility throughout the —
temperature-load sequencing. The following table shows the terms sequiring T ""?
algebraic sign definition end the proper signs. S
R

L

EQUATION TERM ALGEBRAIC SIGN " ;—
e

T (+) if temperature increases from datum '\_.{‘:‘7‘3

‘ (-) if temperature decreases from datum L i_ ﬂ:‘

.

Xn, Yn (#) dimension toward the extreme fiber """;i

element having the highest positive
value of {@T). In the cose of symmetrical
temperature distribution and geometry

. .:?
any convenient sign convention may be ‘ \
selected if the opplied moment values it

* have consistent signs. Py

: -

FoFm (+) tension R
(~) compression _ ~F

e b ) B
. .

L {#) tension SERE
(~) compression L

R

Kop. (+) if the opplied bending moment M, puts | S 3
x compression on elements having -y, L
values. £ )

(-) if M, puts compression on elements having AN

+yp, values., AR

. ) ~":

Kop (+) if the applied bending moment My puts S
. y compression on elements having -x, values. { oy g
(-) if M, puts compression on elements having - P

- g

+x_‘values, b T

- .

! k

i .

*

z -
]

S J

¢
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2.1.4 SIGN CONVENTION (continued)
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S

EQUATION TERM . ALGEBRAIC SIGN -

N
\
L)

)
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1
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L e

K
Pt e WA O PR

P‘ ' (+) Tension

! ' (=) compression

M, (+) if moment produces compression on elements
having -y, values.

(<) if moment produces compression on elements
having ty, values.

L e

M), +) if moment produces compression on elements
having ~x, values.

(=) if moment produces compression on elements
having +x, values.

R

A

e €, (+) tension
(-) compression
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2.1.5 STRESS EQUATIONS

Since all coleulations for the cross-section are performed using the
strain equatiun (2.1.1) it is necessary-to obtain the stress Fy, associoted withs
the strain ep, from a stress-strain curve Yor each element corresponding to the
temperature of the element, The stress-sirain curve for each element in the
cross~section is represented analytically by the non-dimensional Romberg-
Osgood equation as shown in Reference (1).

Eren = F 3 [F m-1
. il A (2.1.2))
Yn Yn Yn

where the slope of the eiastic portion of the curve, the yield stress, and a
shope factor define the stress-strain curve,

For the stresses at any step | in the temperature-load sequence corres-
ponding to the strains of Equation (2.1.18) or {2.1.18) the Remberg-Osgood
Equation (2.1.21) is modified to

Eni Fﬂ' _3_ Fﬂ‘ \ m-'l
(e,,i + q,,i) = M he7 [0 (2.1.22)
Fy"i Fy"i FYn-
where
i-m
q =0or ¥ e r,. =0 or}
" % o M

according to the stress and strain histories of the elements with the values of

Gn; and ry,. defined by the logic table of Table 2.1, In the modified Ramberg-

Nsgood Eq(mtion (2.1.22) £ is the elastic modulus of element n ot step {,

Fy . is the yield stress of eletent n ot step j, and r. is the shope foctor which
epbnds primarily upon the material.
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2.1.6 BUCKLING AND CRIPPLING LOADS

For stresses below the lccal buckling stresses of the elements of the struc-
ture, the effective orea coefficients os defined by Cy, in the iteration equo~
tions of Sec. 2.1.7, are token os unity. However, cofter some-elements buckle,
the stress end strain distribution on the elements change dve to the chonge &
length of the buckled element from the deflection. Since soma part of the
buckled element (one or more edges) does naot deflect, the sisoin in this unde—
flected portion of the element moy be token os the reference strain for the
element and for the strain to be associated with the strains of the other elements.

Now the buckling strain of the element n can be approximated by:

2
em =~ Kemn (F’ﬂ_) ‘ . 201.3)

where the buckling curve is taken to be the same as the stress—stroin curve
(see Figure 6 ~ 5 in reference 1). The temperatuse of the element is ossumed to
be uniform. In most cases, this will be approximately true. if not, an overage

temperature of the element can be used. Define the reference strain for the
element ofter buckling by:

~ v [th\2 :
e‘! = K, (B—) . (2.1.24)

ne

where b, is an effective width, K,, depends on the restraints after buckling of

the element, and e, is given by Eq. 2.1.24 with local bending of the element
neglected but with ep including the area change effect.

From Egs. (2.1.23) and (2.1.24)
/2 .

bne = fecm Ky =Cq (2.1.25)
bn ®n Kern
and
€op = z'FnAncn
LBy An
Ca = 'vn"n < °cml (2.1.26)
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taas B B

N B * % 2 ®m 2.1.26
.§. ¢a - K. .
h Note that eqp is based on-the original oreas.. .-
.- Consider Eq. (2.1.26) for a single element so that:
) i eap = F ’ec, ’___R ie Se (Z.1T.277
i EVe L
i .
i oc ' _
e . .
by o Ee = F E e /F . K .
- —2 T /————EL - (2.1.28)
. F Y YV oF
i . cy cy _
-- from Eq. (2.0.1) withm =10, _
.- 2
e i ea) = fE e, K ) F/Fcy {2.1.29)
. b
o F F K - 143 /F
bt cy cy . cf 5 (.'.:__5
- “\ey
- The moximum valve of e is:
ap
s , ’ cy
- Fcy Fcy axe . FC’ ch ) . .
.. FE e _ 0.98 2:%' ) F_l_:__ at E—E ) E e > 0.98
cy cy 9 cy Fey (2.1.30)

Equation (2.1.30) indicates that if the buckling strain is less thon the elastic
yield strain Fcy/E then the moximum crippling stress occurs of the elastic yield
strain while if the buckling stroin is greater than the elastic yield stroin the
maximum stress occurs ot the buckling strain.
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For lorge e with the cut-off stresses in Figure 6-5 in Ref, (1) being -
opplicoble, Eq. (2.1.27) becomes:

eop = Fe.o. e - e2ey (2.1.3)

e———

E e

Thus, the crippling load can be deteimined provided Eqe (2.1.28) isused -
insteod of Bq. (2.1.8) with C,, in Eq. {2.1.26) evalvated-c-describedabove. ~
In machine coleulations.approximate results.can be obtained by making

Keg/Kern = 1 ond cutting off the stress=strain curve of F/Fcy =1.0.

Therefore, o good approximation of the effective area coefficient i * .

Co=1 e < €m

1
Ca= [®crn /2 e, 2

n 2 %cm )
(2.1.32
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2,17 ITERATION EQUATIONS

The final strafns ond stresses ot ony step { in the temperature~lood sequence

are obtained by the iteration of the strain equations (2.1.16) where the
inelostic effects represented by ey:, KP . and Ky, _ are determined by

oxial load and bending moment equilibrium on the Ycoss section. At any
temperature or lood step i the strains ore calculated by Eq. (2.1.16) o¢

Eq. (2.1.18) withep;, ond Kpiy taken as zers for o first opproximation.,
These strains are used‘ fo gf;‘l’um the element stresses from Eq. (Z.7.22J ond the
logic tcble of Toble 2.1, If inelastic effects are present, these stresses

will give values of B, My, ond M, in Eq. (2.1.11) different from the volves-
of ?Pi, fo., and XM, used in Eq. (2.1.34).

The inelastic effects for successive opproximations are defined by the
following equilibrium iteration equations at any step j in the temperature -
{ood sequence. The axial load and bending moment equilibrium iterafion
eguations are shown below for any step r in the iteration.

fr) o= (o) o1 (o) a3 o
() <) a3 0
(o) o) o G )s w3 5,

where the extemal opplied loads are represented by:
e = Xp.
il

i I

(3 S

b3 2 2.1.39 )
Kon = 5 [ e |(ztsn;\nxn) - ?Myi (EnEnAnxnyn) , -

( AaYn ) (iEn n % ). i ( nEnAnan,) iz
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= b.|S Ay 2y -
z;.xwyi i iMyi (ffn ¥n )i X‘M"i %En'An"nY,) ;[

zem,’). (%f A’) - (!fn%xny.)
n i n i n.

The intemal axial loads ond bénding moments for equilibrium of the cross-
section are calculated at each iteration step £ by the following equotions: .

(°°Pi )t-—l =(§F.,,_,A.,<—',,) i
{3 )
éopxi)"’l =9 (%Fnr-lAnCnYn) i(%annxnz)i
. (%EnAnynZ) i(inEnAnx‘,Z)i (%E,,A,,x,,y);r
‘()éFnP]AnCnx,\ i(%E“A“""Y,,) i a
_ (%E"A“Y"Z) i(%EnAnxnz) i '(?nEnAnann) iz

(Kap’i)r-l = ) (FFoe-1Cur) (B}
(%EnAnYnz) i (%EnAnan) ; (%EnAn"nY r)z :

- 2.134

2.1.39

(%F"r-lAncnyé i(%EﬂAn"nYn) i

y 2
%EﬂAnYn ) i ( %EnAnan)i ( %EnAn"nYn) 2 il
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The iteration continues until the successive opproximations-of Eq. (2.1.33)

®p; ~ ("Pi) r ﬁ("‘?,) 1, Foxg =(pr§) -1,
KP)'i =kK”7i) = (Kpn)r_, within a specified folesonce.
A practical ronge of toleronces hos been established asc
. (fpilr _ tpi )l"-]=i 0.00003 to + 0.00006
(’pr_ i - (pri) =% 0.00003 so;+_o.'ooooo
( Ko - (KPXi) . +0-00003 fo + 0.00006
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2.1.8 COLUMN PROCEDURES
For a structural cross-section which contains column elements, 7t is first
necessary to define the load-deformation curve of the column element if o
sofisfactory representation is to be mode os described in Sec. 2.1.9. The "L
Ramberg-Osgood stress-strain curve (2.1.21) adequotely describes mony .
elements in the cross—section except those subject to either column or local e
. instobility. The lood-deformation -chorocteristics of members with locol TR
instability are defined by the methods of Sec. Z.1.6 where the Ramberg= S
Osgood stress-strain curve and an effective area which depends upon the oy
eriticat buckling stroir of the element define the lood-deformation i
teristics. The column, however, may have an unsymmetrical temperature |- L
distribution through the cross-section or a secondary bending moment may be e
acting on the column element thus producing deflections normal to the 3
neutral plane of the column. An axial load acting on the column element g
wili offect these deflections by producing o bending moment due to the :
deflections. |f symmetrical bending only is considered, the net bending k
moment strain consists of two parts, one due to opplied secondary bending L
moments and one due to deflection. .
: .
Ka, = K°px + Kw, - (2.1.34) -
The deflection moment strain may be described in terms of eqp and the r____
deflection W os follows: L, 9
5 T
Kwx = .\'y_eﬂp M EMM = _\_N_eup (f.; 21.37 SN
c S A < ¢ Py R
MMMy .o
In many problems the applied secondary bending moment may be related to AP
the applied axial load as . . @
= P ’ \‘: ‘:
Mgp, = P ap (2.1.38) . L
in this case Eq. (2.1.37) may also be written " B
Kax = WP (_c_ 2 (2.1.39 2 _Q_
c P) AR
Cap T
o
__®
22 e
E o e OO S L
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If z is the variable along the fength of the structure, then W depends on
z and the end conditions, while p may depend on z if the opplied moment
is varicble. Forsimple beams, Reference (2) gives: .

dw = M = K _ - .
2 B c . @.1.49

The net rotational strain of any cross-section through the column may be

- weitien

- -1
Ka=Kix + Ky + Kgp + (%, 1t pr + ‘i§; pri (2.1.41)

for the temperature-load sequence + T, + P where K; represents the initial
deflection or eccenfricity of the load. In Eq. (2.1.41) Kpx is a function of
z depanding upon the amount of inzlastic action at the various cross-sections
- throughout the span or length of the columa. Eq. (2.1.40) con be written

d2Kw e
x = 9 ) i
d2 —7 ) % 2.1.42

where, with K as a table of volues for selected valves of z, then Kw, con -
be obtained from Eq. (2.1.42) by an area-moment numerical integration.or
by a double summation.

stant except for the effect of W. Assuma K, is constant o :ng the span so

that Eq. {2.1.42) can be integrated to give

f @ = cos q (1 -LZ_Z) ~cos q

If Kap,.» KTy and Kj, are constant along the beam, then Kf will be con-

P
£
|

(2.1.43)

{ompression)
cos q -

cosh q (1 -':?_z ) - ccshq  (tension)

cosh g
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40
for a simply supported beom—colume
2,52 2_ 2 ' "
H e ==-x*p 2 q = = e Qo] .4s
(- 4 . a
Y -y (._L)
Cep’
30 thot the maximum deflection in Eq.(2.1.43) ot 2 =% is
-1
=K+ + {Ky) .+ i K
(Kw) max. ( 'x Kai’x ( Tx) i-1 'E'l Px; (2.1.48
+ f max. fegp)
£q.(2-1.41)may be written
cop)| - i
Ky =1 +f m(ecr) (K, + Kopye * (KT:)i-l + 2 Ko, + pr)
‘" (20,o4n
The temperature~load sequence of primary importance for defining the
column lood-deformation curve is apply temperature (+1), then apply lood
{+P). For any given temperature distribution through the column cross= -
section a rongz of loads is applied to establish the shape and the peak of the e
column load-deformation curve. This curve provides the data for the column §;.'_ 2
representation methods of Section 2.1.9. E v
The strain equation for the temperature c.ppliccﬁon step for the column is E ::: o
essentially that shown by Eq. (2.1.16). For the applied load step in the - "—“'—i
temperature-food sequence the element strains are found by the following
equation L
—F__I’__M V. oa(e, +e). + (Ky +Kyo+ K, ) IM (2.1.48) %::1'-:?}-
M B ap* it Koy, * Kunt Ky - Vel e
o
_ 4
o
R
2
3
S e e mar s e e e e st oo e o - SRS UM
S
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where
G +K 4 .4- + ?‘, | X
= + +
T Txicr Py g =L Bl
and
1-cos %2 C :
C = 9P
o 2
cos /2 (E;;,/ec,)~
vhen @ compression food i acfing.

A

e : aad Kpy. must be determined by an fterative procedure to satisfy the
P P
following eqbﬂibrium conditions,
2 Fu: Am
€, = M M
IS LT : .
M : . (2.1.49)
2 FrAp YA
M Mj M(____

Kopx. * Kw, ) =
apx; wai W
M

g

In Eq. (2.1.47) the stresses Fyy, are determined by the procedures of Secticn
2.1.5. The iteration equationd for the equilibrium condition ore:

% (FMi)t:lAM

AT

(Kpxde = (Kpghe-12 K<=Px; + (Kngle-1

1% (Fade1A : (2.1.50)
> (Fppe-1Am (—.);'M) ]

CE B AL M 2
MMM(_Y__)

c

| paarane

lepidr = (epPe-t * Copj ™

e
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!
Two sets of oswers are provided ot convergence of the iteration equations
(2.1.50) with the second set defining a post-buckling point on the column
load-deformaiforr curve.
The column procedures presented in this section are based on constant
moments ond o maximum volue of Kuxje Fusther columa studies have shown
this opproximation to be quite ocwruie for practical design use. Compor—
fsons of column load-deformation curves using the opproximate prozedures -
of this section and by infegrafing the fnefustic effects along the length of
the column show good correlation between the two methods with the approsd-
mate procedures being slightly conservotive.
b
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2.1.9 COLUMIN REPRESENTATICR.

Since many structures contain column members in the form of stringers, truss
members, etc. it is most convenient to consider the column os a single
elemznt in tha cross-section when defining the allowable load-deformation
curva using the generol allowable stress procedures described in Sections
Z.1.¥ through 2.1.7. The load-deformation characteristics of the colurn =
may not, however, be defined directly by a stmple stress-strain relatfonship
such as the Ramberg-Osgood representation of material property stress-strain
curves. The post~buckling portion of the column evrve s shown in Section
2,1.8 is defined by bending moment equilibrium where the applied axial

Toad must be fess than the critical peak buckling load. The column, however,
is analagous to the plate buckling problem since the critical buckling strains
of both are bosed on the Euler equation. Therefore, a good approximation

of the column load-deformation curve can be obtained by the use of the
effective area coefficient fer any column element n as follows:

\ 4/
Co = ecrn/en)'v‘ (2.1.51)

as described in Sec. 2.1,6 of this report and Sec. 7-5 of Ref. (i). This
allows an equivalent Rambherg-Osgood stress~strain curve defined by Eq.
(2.0.1) to be used in the calculations for the particular cross section.

The equivalent Ramberg-Osgood stress-strain curve for the ceiumn element
must be obtained for the particular temperature distribution, geometry, and
material variations in the column cross-section for the unrestrained condition.
From this stress-strain curve the slope representing the equivalent modulus of
elosticity, the equivalent yield stress defined by Esec = 0.7E, and the
Ramberg-Osgood stress=strain shape parameter m are obtained. These values
are used in the structural cross-section to define the equivalent Ramberg-
Osgood stress-strain curve represented by Eq. (2.0.1).

For the column element in the cross-section analysis a value of ey, must be
determined to define the effective area coefficient given by Eq. (2.1.32).
First, the column load-deformation curve is computed by the procedures of
Sec. 2.1.8 including the effects of !5zal buckling. From the column load-
deformation curves the two significant values required to define the equiva-
lent critical buckling strain are the peok stress defined by (Fop) mox, and
the foreshortening strain at which the peak stress occurs defined by eqox:

The equivalent ecry, for the column element is defired by the following
relationships. For load equilibrium on the column cross-section at the strain
associated with the peak stress:

37
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FIeCaPhy = lopd ey, ZEaAM e.rsg

where the subscript M denotes element number in the column cross-section,
ond n is column element n in the composite structure. In terms of the
effective stress on the total cross-section orea of the column

(R)eCn = Codmax.  ZEpfia ~ 2.5

A,
Su!;!;timting'Eq. (2.1.49) into Eq. 2.1.51)
(e {ecr) V2 Heopmax,  ZEmAm @.1.59
(emux.) ’ ZAg

Solving for ecrp
o
{emox.) 72 (€)e =EmAM
A
M pasy

(ecry /2 = (egg)

maXe

2
ecrn = (emax.) (ecp)mx ZEMAM.‘ = (emox.) (Fop)qu.

ettty

(FC)e zAM J : (Fc-)e

where enqx is the foreshortening strain ossociated with the peak stress of

the column load-deformation cusve and (Fc), is the siress associated with
emax. o determined from the equivalent Ramberg-Osgood compression stress=
strain curve,

Since each element in the column cross—section may have a different area,
modu:lus of elasticity, yield stress, temperature, and coefficient of theamal
expansion, an equivalent value for the temperature expansion strain is
required for the solution of more complex structures which treat the column
os a single structural element. This femperature expansion strain may be
expressed as:

(‘ﬂ)equv. et = EEMAM("T)M (2.1.56)
2EmAM
38
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where the subscript M denotes element number in the colunm cross-section.
fnput dota- for the Allowable Stress [BM Progrom (EZT19f requites separate
input values for @ond T for each element. Therefore, when using this pro=
gram for cross-sections which contain columns os a single element it maoy be
necessary to compute cn equivalent temperature change from datum. For the
column as a single element in a cross—section select a reference volue of aR
and compute the equivalent temperature chonge by

Mequiv. = EnAmlelly _ e v.5r
a2 S Eiu

(Dequiv. ond ap are the input values for the columa element.

The curves on poge 49 demonstrate the use of the effective area approxi-
mation and provide justificotion for the use of this approximation.
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FIGURE 2.7
: COLUMN EFFECTIVE AREA  APPROXIMATION
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- 2.1.10  FAILURE CRITERIA = '*-
$ : -
! J
- 1o order to specify thermal fimits it is necessary ta desive suitable allawahble "
.- stresses for individual elements in the complex structure. Standord allowobles, )
: such os for crippling, buckling, and compression yield, cre relatively simple -
) to describe for variations in temperature. Other allowables, such os honey- )
- comb general buckling are more difficult to acquire. - “;‘4
i W
i. . LR
In defermining the critical honeycomb ponels to be analyzed, six possible:
modes of failure must be considered. The first and simplest mode is o tension PR
: failure of the tension face due to bending in the panel. Another failure e
which con Be produced by bending is core shear for which the allowsble may e j
be expressed asr = °
-5
] - N
Xcore = (’C/S)z (FSUKSEQ 2 o @2.1.59 iR
The loads inducing failure in this mode are not opprecicbly changed by the - - -
thermal loading and therefore is not considered as an important failure mode - j
for this study. A third foilure mode in bending which con be considered is - ;
core crushing, the allowable for which is expressed as: : . o
I :
Fo = CiFe) 2B (kEQ 26,93 = @Ry £ b
- hE, 2.1.59
- This mode of failure has been found not to occur in practical design cases
ond is therefore also not considered in the present study. A fourth mode of
v foilure which can occur in either bending or compression panels is wrinkling
. of the facing for which the allowable is:
‘;' ch = 0.5 [00055 (fc/s)z GCEC (Es + SETi ,ﬂ (2.‘.@

The fifth failure mode which may occur in bending as well as compression is
- called intercell-buckling which has an allowable expressed as:

Fe; =09 Ep (79 V2 2.1.6)

Tha honeycomb allowable Equations 2.1.60 and 2.1.61 can be computed
independent of the final structural arrangement in o general form of e ; or
Fej Vs tg/S and ecq or Fey, VS tc/S. Such a plot is then needed only for
each material used. Therefore, to reduce the computing time of the
*Allowable Stress Program® this data is entered as a tcble rather than being

o~ - - = e e g s A W e e T BT N T e e Mmoo aer ek W d * '
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computed each time through the program. Fusthermore, it wos found that by
plotting eci ond e ogainst the respective parameters there wos no sigei-
ficont change with temperature within the realistic range of the allowcble
strains. Thus, if the calculation of data is done for a medium songe temp~
erature the data will be satisfactory for the full temperature ronge {see Fig.
2.3 ond 2.4). The normal allowoble strain range for the 2024-T4 m teriol
plotted in Fig.2.3 ond 2.4 is from .003 to .0065. Further discussion of the
18M 709 camputes program for producing this data can be found in oppendix
D of this report.

The final foiTure mode can occur only in compression of the panel ond #s -
referred to as general~buckling for which the allowable is expressed o

FeeR = o2 R E By C+ 1 + a2
Pm 3

o (1-ud (py sy * 1Fy B Uy + 1)

Vx
P =K +#22 + V
M (c4 Y)F

t+L+VxVy F
. C

Ci +2C2 +C3

L and tal
] ]

(Ci+1- F Cp) Vx + (C3+1-1C) Vy
-2z T2

n
]

2
CiC3-C2" + 1-k CK
—5

Vx = ,2 C 'y ' 312}
(f,E1 + trpf) o Gex (1 -1y
Vy = ’2 C QF] ’Fz E]E2

(fF‘E‘ + 'FZEZ) o? Glcy (- #2)
Gex = effective shear modulus of core in x direction

Jey = effective shear modulus of core in y direction

The constonts Cy, C2, C3, C4 ore dependent upc-m the edge fixity conditions

of the ponel. A listing of these values follows:
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_Edges simply supported ' -

. =Co=tl =1 = nlet
C;Q;z;z__ce C_a._g_

pone! length

t Z- .‘ b

0

number of half waves T |

Loaded edge simply supported

} Unloaded edge clomped. :'::

C1 =533 b2 Cp=1.33 C3=n202 C4=1.33 b2 ' =
n . 72

n‘a ) o

Loaded edge clamped‘
. | Unloaded edge simply supported

a Cp =1 Cagnf+6n2+1 o ,5
| S = -

y Forn=1 Cy=.75 8  C4=3 b2 O
B ' - »
b CForn>1 Cp=Cy= _ 1 b2 1

e+ T 2
i All edges clamped '

Cp=1.33 C3= (% + bn? +1) o o

| 2t 1 b2 AN
,  Forn=1 Cp=4C,=4 b2 : o

I. :2. ' ::':f:::l

’ 594 ::ﬁ

. Forn >1 Cy=4C4=5.33 b2 ‘ e

T'——' e

! (+ 1) o ' n?

]

3
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These last three failure modes are the most importont in the design of
honeycomb panels and constitute the primary failure modes found in con-
ventional honeycomb structures subjected to thermal stresses. These modes
along with the tension mode make up the failure modes used in this study.
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Unlike the allowables F; ond F,,, F. g must be computed within the
ollowoble stress progrom. This computation takes place within subroutine
, HKM which is diogrammed in Appendix D.1 of this report. The Equation
2.1.62 hos been substanficted by o test program presented in Appendix &
; and discussed inSection 4.0 of this report.

. AT T R e 2 ¢

Equations (2.1.58) through (2.1.62) were substantiated by tests performed

by the NAA Los Angeles Division {See Reference 3). A production full .

depth honeycomb component wos tested and failed in the made of foce | N
wrinkling, showed very good ogreement befween fest dafa ond the applicable e
allowable stress Equation (2.1.60) (Ref. 4, Figure D.5). ’
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For tension elements in the structure the failure criteriais defined as a :":i"._;
maximum strain or elongation of the moterial. Compression efemenfs which _®
buckle locally will reach a peak lood cousing further increases of load and/ S
or moment to be taken by remaining members of the structure when some L
member will eventually reach the strain cut-off or the crippling cut-off ro N

_ defined by the following eguation. f e
Crippling of compression elements is considered to occur if: @

: e

o

A tension ultimate stress cut-off is used on all Ramberg=Osgood stress-strain .',::'.'j
cutves with a compression yield stress cut~off used on all Ramberg-Osgood A
stress-strain curves used to represent o column element. ..
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FIGURE 2.3

AUOWABLE INTER-CELLULAR BUCKLING STRAIN DIAGRAM
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FIGURE 2.4

ALLOWABLE FACE WRINKLING STRAIN DIAGRAM
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2.1.11 LOAD-DEFORMATION CURVES e

| . TIaY

- NS

The previous.sectinns describe the pmcedutes for ehicining the element- A

stroins and stresses of any particular step in the temperature-lood sequence. Dl

Convergence of the iteration procedures of Section 2.1.7 produces the final S,

values of ep- x:s ond K_ . ot each stepin the temperoture~load sequence. e

At any step | P the ‘otol mercs'hc effects for all steps on ony elemant n in the .

cross—section may be expressed by , ey
eps, =Z; e + (%, -KPX,)Z.'l +(2i Ko ' Xn (2.1.64)

where eps, represents the permanent set on each elemant of the cross-section
if step | ends with the removal of all load and temperature ond assuming that

bomed

L ]

[ %2
¥

the residual stresses do not change due to creep at room temperature.

If the procedures of the previous sections are followed for given geometry,
materials, temperature distribution, and temperature-load sequence for a
range of values of applied axial loads and bending moments then an allow-
able load or moment vs. strain curve can be constructed. In this case, the
pnmary bending moment (M,) may be plotted.against Fapm/E s It
is essential, however, that fixed ratios exist between P;, M., cng vi if
a single moment-strain curve is to be used to define the f' st instability
failure, yield and ultimate load for the cross-section.

For a range of values of load and/or bending moment, the elastic strain
term (Fapm/g,,) may be defined as follows:

Fapm/g ecpi + (2, Kopx) Ym + (Ei KQPYD I o

where m designates the element with the maximum permanent set as defined

by Eq. (2.1.64).
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z.Z SAMPLE PROBLEM . °*

To provide substantiation for the newly developed methods presented in this
report a sample problem on the computer was mode for comparison with tests
performed during this study. Two comparisons are made in this section, The
first comparison and computer run was made to predict the allowable load for
the skin stringer columns found in the test horizontal stabilizer. The com— -
puter run was made with the column allowoble progrom E2140 described in-
Appendix C.1. This column allowaeble was computed without the lateral
bending effect discussed in Section 2.2.1. The lateral bending was not used.
in this case because of the test conditions would not produce the tension
loads caused by buckling because of the lack of edge restraint (see Figure
B.30). Also because of the end restraint conditions the column end fixity
was a different value in this comparison problem than in the test horizontal
stabilizer problem. The results of this computed column allowable and the -
test allowable can be found in Section 2.2.3.

The second comparison and computer run was made to predict the ultimate
failure load for the typical horizontal stabilizer with an induced temperature
gradient.. Before making the actual computer run it was necessary to compute
several groups of input data. The first group of data required was the honey-
comb allowable strains against the parameters t£/S and $./S as a function of
temperature. This data was compiled through the use of the computer pro-
gram E2128 described in Agpendix C.2 of this report. This data is then used
as a table input as described in Appendix D.1.3 for the final computer run.

The second group of data required is compiled through the use of computer
program E2140 described in Appendix C.1. In addition to the straight axial
load a laterally induced bending moment was also used as discussed in
Section 2.2.1. This data was then used as element buckling coefficients
for the input data such as described in Appendix D.1.3.

Another important part of the input data is the material properties E, Fz;a
Ft,e and the Ramberg-Osgood coefficient (m). The derivation of this

for the specific test horizontal stabilizer problem is discussed in detail in
Section 2.2.2. Although tensile coupon tests were made in this case to
insure greatest accuracy it was found that the use of Reference 5 would give
very satisfactory results.
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2.2.1 SKIN-STRINGER COMPRESSION ALLOWABLES INCIUDING
. THE EFFECTS OF INDUCED LATERAL BENDING

The allowoble compression stresses (¢} or the critical buckling stroing

{ecn) of skin-stringer column elements may not be accurately determined by
the application of direct compression loads either analytically or experi-
mentally since the compression load alone does not always represent the

only load acting on the stringer. More representative aflowcbles could be
determined experimentally, however, by box beams with applied bending
moments where the chordwise restraint to the skin panels and the effects

of radius of curvature are present. Essentially, the major effect of the bend-
ing radius of curvature of the box beam is to force inward buckling of the
skin panels between the stringers. This inward buckling on both sides of a
stringer coupled with chordwise restraint of the skin penels produces chord-
wise tension stresses. Components of these stresses normal to the plane of
the stiinger produce bending moments on the stringer which are acting simul-
taneously with the applied compression loads. In many structures, these

. effects may be quite small but the induced bending moments in shallow depth

stringers may produce substanfial losses in allowable compression strength,

The skin-stringer panels in the typical test horizontal stabilizer represent
the type of stiucture where the induced lateral bending due to skin panel
buckling should be investigated. The following analysis is a conservative
approximation to allow for the induced bending effects.

One typical skin-stringer panel is considered where bs = 3.73 inches

(between stringer ¢ ond t5 = .042 in. Temperature is uniform at 375°F.

For the pane! simply supported on all four edges, the eritical buckling strain:

is

ecr = K _t__ 2 = 3062 ( 0042 2 = .000459 iﬂo Ne
b 3.

Considering the center strip of the buckled plate to act as a column, the

deflection may be approximated by

W = 2 p " AL
" L

Ve

where p is the radius of gyration of the sirip element, ecr is the buckling
strain of the panel, and (A L/1) is the foreshortening of the panel ofter
buckling. ‘rhis foreshortening is taken as the difference between the strain
at which the skin-stringer column peak occurs and the critical buckling
strain, From Figure 2.5, the column peak occurs at 00365 in./in.
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thus
AL
[

]

.00365 - .000459 = .003191 in./in.

The radius of gyration of the plate element is

p =t = 042 = 0122in,"
iz viz _
The moximum deflection at the center of the buckled plote Ts
W, = _2(.:01212 V.00319F = .06Lin.
V¥.000459

To determine the {teral lood on the stringer, the skin panel is assumed fo
act as a membrane and on equivalent nomal load is calculoted which will
produce the same moximum panel deflection as the buckling.

From Section B-5 of Reference (l) the deflection of an element strip may be
approximated os

W = px ®b-x
2N
b
or the maximum deflection ot x= 2 is

Vo, = —"32--

8N

where N = 2b2 E 3
24 (1 -4

Substituling and solving for the normal surface pressure, p

1/3._ Mm[g'_‘_s_f______] 3 8 (.064) [3.48)2 (.042)(9.5 x ‘06)_‘]/3
24 (1-u2 = L 2400-09 1

b2 ' (3.48)2
pV3 =258 , p = 17.15si

A conservative normal load distribution along the length of the stringer is
w = 17.15 (3.48) = 59.7 Ibs./in.
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o The maximum bending moment ot the center of the columa span is- ) ”“.1
) M=wtZ = 59.78.17% = 497.5n. - ts. L
T 8 8- NS
; An opplied bending moment rotationa! strain on the column cross-section is oo
calculated by - - =
7 ' e
L , Kq’x =M. = 497.5(334 = .0022630fin. of exisema :'_::{:'
fiber. . 73700 : o

t Zel

The volues ‘iafec,n for the column efemants are determined by the procedures - -
of Section 2.1.9 with some typical results shown in Figu.e 2.5 for the critical )
column element. From the column load~deformation curves ecr;, 1§ calcu-

- _ {ated in the toble below for each stringer in the compression cover.
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FAGURE2.5 '

TYPICAL SKIN-STRINGER COLUMN ALLOWABLE CURVES
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2.2.7 MATERIAL PROPERTIES

.y - ——— T V- ————.5

The tension stress-strain curves used in the onalysis and represented by the
Ramberg~Osgood equation

i . M
' eE = F 1+§(_E.
| R v 75 .

e 4  §

are shovn in Figure 2.6. The curve of Figure 2.7 shows the data from two
tensile coupons which wes used to determine the Romberg-Qsgoad shape.

_ parameter, m.  The stress-stroin curves shown in Figure 2.7 were obtained
from standard NAA tensile coupons taken from the test stobilizer between
H.S. Sta. 167 and H.S. Sta. 177.

i@ e e
2@, : :

v

The material propesties obidined from these coupons showed a distinct
permanent loss due to the elevated temperature curing of the high temperature
strain goges in the test area (H.S. Sta. 187 to H.S. Sta, 197). The entire
horizontal stabilizer was placed in on oven ond heated to 350°F for two

hours ond then to 450°F for one-half hour for the curing process. The

tensile coupons were taken from the stabilizer skins ofter the failing load

test wos completed. Therefore, the coupons and the test area had the some
temperoture history prior to the beginning of the tests. The primary cause L
of the permanent loss of material properties was the femperature of 450°F RO,
for one~half hour. Data obtd ned from short time elevated temperature
tensile coupon tests is plotted in Figure 2.8 ond vsed as material property
input data for the cnalyiical portion of the progrom. The room temperature
values of Ft, ond Ft, on Figure 2.9 are specifically noted for comparison
with the expected recovery values after exposure to the elevated temper-
ature environmant required for strain goge curing. Using data from Refer-
ence (5) and Figure 3.2.7.1.1 the expected room temperature recovery
points are also plotted. From Figure 2.9.the room temperature recovery
factors are found to be

Ft; /Ftup.7. = 0785  ond ﬂY/HyR.T. = 0.722
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The room temperatre material allowables are taken os Ft,, = 78000 psi.
and Ft,, = 68000 p: . from Table 3.2.7.0 (b) of Reference (5). For the
temperature time’ history of the stabilizer the room temperature material
allowcbles may be expected to recover to Ft, = 0.785 (78000) = 61200 psi.
ond Ft_ = 0.722 (68000) = 49100 psi. Althcugh good correlation is ob-

tained’ from room temperature recovery properties it is impossible to predict - @

what the expected recovery values should be at temperatures between room :

temperature and the maximum socking temperoture due to a lack of test "

data. Since it appears that the recuvery problem con be quite serious it o)

would also indicate that a worthwhile progrom could be established to S

determine re~overy properties at temperatures obove room temperature for .—
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2.23  COMFPUTED AND TEST DATA COMPARISON

P e e a1 3

A test wos performed on two skin stringer ponels taken from the test hori-
zontal stobilizer. This test was made to substantiote the prediction of column
allowobles to be used in the allowable stress computer progrom. The test

set up and results are presented in Appendix B. The test specimen was failed
under a varying temperature which produced the desired temperature grodieats.
Since the computer program cannot exactly simulate the varying femperature,
the affowoble food was computed for the temp.rature distribution.in the

ponel ot the time of failure. The comparison of test and computed results ane
shown in Figure 2.10. This comporison shows excellent ogreement between
the maximum fest load and the foad computed with the temperature distribu-
tion ot the time of failure. From these tests, it wos concluded that the
column allowable program Appendix C wos satisfactory for estimating column
input data for the moin progrom. '

—g ==y oy T
B e
-

The test set up ond results of the test horizontal stabilizer are presented in
Appendix B, Again the temperature distribution at the fime of failure wos
used to compute the allowable moment for the test section. The test section
was broken into 37 structural elements os shown in Figure 2.11. The honey-
comb element elfowables {F,, Fc;) were computed using the 1BM progrom
E2128-presented in Appendix ¢.2. The skin stringer element buckling co-
efficients required were computed from the column allowable program E2140
in Appendix C.1. Allowables for other elements were computed as described
in Section 2.1. :

1@

oty
1y

s el
cancY,

The firs? computer run results plotted in Figure 2,12 showed on allowable
bending moment My of 186,000 inf. This moment is 112% of the actual
test failure food. At this point, further investigation into laterally induced
bending foods on the skin stringer elements was done os preseated in
Section 2.1.8. Following this investigation, the second computer run
plotted in Figure 2,12 was made showing an ultimate allowable bending
moment of the section os 171,000 inf. This computed allowable moment is
103% of actual failing load.

Figure 2.13 shows a comparison of measured and calculated strains vs. chord
at H.S. Sta. 192. The measured strains are shown for on applied load of
4,390 lbs. and the colculated strains are shown for the nearest calculated
opplied foad of 4,410 Ibs. The calculated strains are shown for the temp-
ercture-food sequence +T, +P and reflest the effects of the non-uniform
temperature distribution os well os the applied lood,
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From this data, it has been concluded that the proposed allowable stress
methed developed in this study will meet the requirements for predicting
nucleor effects temperature limits within the accuracies required.
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3.0 A SIMPLIFIED HAND CALCULATION METHOD .

The hond colculation method presented in this report wus selected to provide
reasonoble accuracy without excessive detail. This detail which accounts
for the last increments of accuracy can be eliminated from the thermal stress
analysis to greatly simplify the computaticis required..

The first step in the elimination of detail wos made by eliminating chord-

wise bending effects from the analysis. This chordwise effect accounts fora
moximum of 10% of the total stress in most cases. The location of the critical
area forward ond oft on the surface actyslly deiermines the magnitude of the
induced error. If the critical area being analyzed is close to the forward

and oft center of areq, essentially no errors exist. If the critical arecs

are on the leoding or trailing edge of the surface, an error of + 10% may exist,
The existence of this error is dependent upon the temperature distribution on
the structure. An evaluation of the thefmally induced drog moment will
indicate the sign of the error.

A disect elimination of detail can be made in the selection of structural
elements to be included in the analysis. The object of element selection is

to group similor detailed elements according to failure mode, temperature,

and distance from the x axis, Using this procedure, all similar column ele-

mer ts with approximately the same temperature and moment arm con be con-
sidered as one elemznt ot an averoge temperature, moment arm and buckling
allowable. The induced error from such a procedure should remain within
+2%. The magnitude of this error is dependent upon the accuracies with which
the averoge values are computed for the combined elements. Selection of
typical elements is demonstrated in the sample problem of this section.
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_ 3.7 SIMPUFIED METHOD DEVELOPMENT — @,
' 3.1.1  THERMAL STRESS EQUATION

Thermal stress distributions can be calculated for appropriate flight loads ond ]
temperature distributions with a general equation (3.1.7) which wos derived - _i
by an expansion of information obtained from-Reference (Ijas follza TN
Assyme a one-dimensional temperature distribution T{y). g :.:2
3 ¥ 3 _:::j.::';;
z PN
c .-23
b —= Figure 3.1 N ’;
With the assumed temperature distribution T(y) and the plate fully restrained . _‘_.f-".:
with no buckling, the siress distribution becomes: T
£ = a ET(y) \
a = coefficient of thermal exponsion (3.1.1) ’ '—‘.‘
-
E = modulus of elasticity
If we free the plate of end but not bending restraints a relief stress is realized. i
This relief stress is superposed on the full restraint stresses. The total tensile )
load Py may be writien as: e
e -:-p;—lJ

P =j aET() bdy

-C

The resultont relief stress becomes

(b =px =1
AL M

Ay = total area of section

dAt = bdy

Since the temperature distsibution is unsymmetrical the tensile forces hove
¢ resultant moment. Thus-when the plote is unrestrained in bending an

j- aET(y)dA,

.c

unbalonced relief moment results:
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M, = f «ET(P bydy -
.c

The resulting relief stress becomes:

I 613
=

Y = distance to element C.G.

The one dimensionel thermal stress equation is formed by compiling Equations
3.1.1, 3.1.2, ond 3.1.3 os follows:

£, =aET(y) - _A!T_ f‘ aET(y) dA; - Y f° aET(y)ydd;,  (3.1.4

|
t e L

The stress from the externol bending moment M, can be expressec os:

i = MY (3.1.5)
'7

Thus by combining equations 3.1.4 and 3.1.5, the final stress equation
becomes:

. 'c
fo=-aklly,) + 1 [ aET(y)dA, + aET(y)dA;
x (y.z x f y)dA, .|ZL [ Ay

-c

[1]

+'iMy (3.1.9

z

For the use of numerical integration Equation 3.1.6 becomes:

f,=aETly,2)_ 1 Z aEAT(y} y z abAyT(y) + My (3.1.7
Ay |

l
z z

where:
A = area of small elements in section

Equation 3.1.7 is modified for stresses obove the proportional limit by the use
of the Ramberg-Usgood Equation os follows:
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Ebecomes €, = £ - 6.8
1+ Z&/?(F/F,)tl"l

F= actual stress
Fy = yield stress
m = coefficient dependent on moterial stress strain curve

The equation {5 also modified for buckling by changing the effective area
of a buckling element. The following equation s used to modify A:

AEFF = A FCMF (3.].”

Fep = buckling stiess of element
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FIGURE3.2

SKIN TEMPERATURE VERSUS SKIN THICKINESS
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3.1.2 ANALYSIS DEVELOPMENT

The development of the thermal stress equation into a usoble thermal limits
onalysis requires severa! complementary steps. Each of these steps are pre~
sented here in a form to simplify the computations as much as possible, The
developed onalysis method #s also readily adapfoble to small dightal o desk
type calculators.

The first step in deriving a thermal [imit for a complex ofreraft structure s
to determine the temperature distribution on the structure. Knowing the Mach
numl ers and altitude at which the limit is desired a curve of skin thickness
vs average element temperature for the given boundary layer temperature
and reference AT rise con be constructed such as Figure 3.2. From such a
curve an approximate temperature distributior can be determined for any
given structure. It is recommended that a reference AT rise be sefected in
the range of from 300 to 400°F in .032 aluminum to insure some proximity
to the final limit rise. The respective honeycomb element temperatures must
be computed for the specific configuration to complete the structural temp-
erature distribution.

At this time the structure should be broken down into structural elements as
described in parograph 3.0 of this report. With the number of elements
and temperatures determined a table of computations con be started to de-
termine the stress distribution. The following is a listing by column of the
necessary tabular data and computations to arrive at an approximate Stress
distribution.
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Column 1.  Element number or ideniificolien
2, The actual area of each element of Colimn 1.
‘ 3. The temperoture rise of the element cbove room temperature.
T 4. Young's Modulus E, at the elemant temperoiure.
5. Corrected Areo computed by the following equation:

= AreaxEJW R R S

3 6.. The moment arm Y of each element fram a reference-X axis..
o 7. The products of the Comrected Area and moment arm Y for
each element are summed and divided by the summation of

e
PR

L,
{

Acon

4
’
2

rl .l‘ * .l “

H
i
o O
cl'l"l.‘ 'v'o"; . | PP I N *

i ’ column 5 to compute Y.

’ 8. The corrected moment arm Ycor listed for each element, ;

- computed by the following equation: ‘

] Yoo =¥~V (3.1.10) :
- b -

1 : ‘

9.  The moment of inertia of each element obout the X oxis
summed to give the totol moment of inertia of the section.

T Computed by the following equation:
‘ x = Acorr X Y2 @.1.12) -
. o
A 10. The full fixity thermal stress computed by equation 3.1.1. 1
1. The summation of the thermal tension relief load (25 x 10), . ‘i
- and the thermal relief stress os computed by equation 3.1.2 o
) where A, = Acorr. o 4
\ 12, The summation of the thermai bending relief momeni {8 x 17) . %
as computed by equation 3.1.3. e
- 13. The applied bending stress as computed by equation 3.1.5 T
(the bending moment used should be for the normal load Y
i factor N_ of greatest interest).
; |z=lxx0ndY=Ycorro j
- 4. Thermal bending relief stress computed by using the equation - . |
fb'h = Mth _Yco“‘ (3-] 013) : .: .:g
Where My}, = zColumn 12. "3
-9
N 1
o
A -
g
.
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Column 15, Total thermal stress on each element os computed by
Equotion 3.1.4.

16.  The actual coirected applied bending stress on each efement
os computed by the following equation:

fhoct = B _f_cﬂ'_r_ . 3.1.149
A

17.  The actual corrected total thermal stress on each element
as.computed by the following equation:

—

fﬂ‘cx:!' =fp = Ao @.1.13)
A

18.  Final total element stress (16 + 17)

Upon the completion of the computation of the Final Total element stress
each element stress must be checked ogainst the respective element buck-
ling allowable or yield stress, whichever is applicable . with the buckling,
if critical, taking precedence. If an element is found fo be stressed cbove
the allowable buckling a correction must be made to the effective area,
Acorr, using equation 3.1.9 where A is the last Acorr and Aggg is the new
Acorr. 1f an element stress is found which exceeds .6 Fcy a comrection of
the Acorr must be made for this element also using ihe following equation:

(OLD) Acornr K E Area = (NEW)A oer
2x Area 2x107 ) (3.1.19

Where Es is computed using equation 3.1.8 with E = E, and F is the final
total element stress. Upon correcting the areas for these elements the com-
putation must be again performed ond repeated until the final total element
stresses converge within required ervor limits, :

When final element stress convergence has been accomplished the element
nearest to becoming critical or most critica! can be selected. The approx-
imaie limiting temperature rise or moment cun then be estimated by one of
the following methods:
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3.7 SAMPLE PROBLEM

The sample problem computed in tables 3.1 through 3.5 were computed for
a typical horsizontal stabilizer at o flight condition of Mach 1.2 af 20,000
ft. altitude ond a reference temperature rise of 450°F. on .032 aluminum
skin. Figure 3.3 shows a layout of the horizontal stabilizer section and
areas included in each structural element used in this analysis.

The most criticad element in this analysis is element 9 which is the full
depth honeycomb trailing edge. The final element stress was computed to
be 31,800 psi. The allovable stress for this element at 483°F. is computed
using Equation (3.1.2), the reference rise o .032 skin becomes:

450° = reference rise used in table

450° ( ?.?_5_02_%70%19_0_) = 476°F allowable rise on .032 ot N7 =2

If the change in temperature rise was great enough in this problem a correction
of the ollowable for the increased or decreased temperature should be accounted
for by recalculating the allowable. The allowable rise computed here agrees
reasonably well with the alfowable calculated for the same condition using past
methods. The single mission limit for thiz condition using the more exact
method was computed os 445°F vise on .032 during that study. This shows a
6.3% error in the proposed hand calculation method for this problem.
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CASE? -

if the element themmal stress (column 16) is greater than the element allow-
oble stress the foliuwing equation should be used:

(TELE - TBOUNDARY)Fallow - fb act) = (TELE - TBOUNDARY)

fﬂ‘ oct allow

(3.1.1%)
fi, act = column 17
R}, oct= column ¥
Failoyv = element a}lowable stress
TELE = element total temperature
T3OUNDARY = Boundary Layer temperature

The new allowable element temperature rise calculated is for the moment
used in the stress distribution toble. From this moment a value of N can be
obtained to plot versus the limit temperature rise. By changing the applied
moment and f, in the table proportionately onother approximate limit temp-
erature rise con be obtained without recomputing the entire table,

CASE il

If the thermal stress is less than the ollowable and the total stress is greater
than the allowable the applied bending moment con be reduced by the
following equation:

MFallow - fthac) = Mallow - (3.1.18)
fb act

This allowable moment is for the temperature rise used in the computation
of the actual stress distribution. If the allowoble moment should become less
than that at an Nz = 1 the fimit temperature rise should be odjusted as in

Cose |,

CASE 1§t

If the ollowable stress is graster thon the total stress either the moment or the
temperature rise limit con be computed using the respective equations 3.1.17
ead 3.1.18 2f the creceding pormgraphs. 10 cny of the discussed equations

if the element temperature s changed the ollowoble element stress should

be cdjusted accerdingly thus requiring scme iteration in the computotion of
on alloweble temperature rise.
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4.0 GENERAL HONEYCOMSB PANEL BUCKUING

i

The general buckling equation was derived in Reference 6. The equation
— wos derived to hondle sandwich panels with faces of unequal thickness ond
dissimilor materials. This equotion then fits the general production honey-
comb panel exposed to thermal rodiation exactly. The production honey-
-- comb panel, with faces of unequal thickness because of extemal domage
i requirements, have been difficult to handle. The odditfion of o tempetciuse.
i gradient and change of material properties especially in the hot focing hos
complicated the problem to a point where testing of panels was the only
solufion, While now, through the use of the generclized panel buckling
equation, the differences of facing thickness and material properties con be
occounted for theoretically. With this capabifity, eircreft thermal limits
con be derived directly through the use of a theoretical analysis. “e use
of the general buckling equation also provides the capability of designing
honeycomb structures to withstand the anticipated thermal loading.

The testing of the honeycomb panels and configurations are described in
appendix A. The panels were tested to provide correlation data for the
general honeycomb buckling equation proposed for use in this study. The
data compiled in appendix A showed very good repeatability and consistency
from one -fest to the other. In a comparison of the test data with computed
allowables, agreement was wide spread. Portions of this spread con be
explained in several ways. The allowable equation shows o high sensitivity
of the allowable load to the hot face temperature. A study of the equation
. sensitivity to temperature shows that this sensitivity increases with temp~

) erature. See Fig. (4.1). Reading and measurement errors for the thermo-
couple instollation used on these tests was estimated at £ 25 °F and -5°F.

A second source of error in the computed allowable results from the fact that
a temperature gradient exists across the panel to an extent of 5% lower
temperature rise at the edge as compared to that at the center of the panel.
This results in o lower averoge temperature than that measured.

An evaluation of panel construction tolerances was also made to establish
induced computed allowable errors. This study revecled thot an increase

of the core depth of £ 5% had a direct effect on the allowsble by £ 5%.

A £ 5% tolerance on the thickness of the hot face produced a / 4% change
in the panel alloweble load. A thickness change in the cold facing produced
negectable allowable foad change.

The test data and computed allowable data is compiled in table (4.1) and
plotted in fig. {(4.2). The computed allowables were computed using
equation (2.1.62) which was also used in the “Allowable Stress Program®

as subroutine HKN, Although the compoarison of the computed data and test
data shows a wide range of scatter, the inaccesacies of the test ond the
sensitivity of the equation must be considered in the evaluation of the equo-
tion. Since the equation shows good results compored to test data ot room
temperature, and ogoin crosses the 0% error lire in the orea of 600°F., it is
the opinion of the writer that the equation is satisfactory for predicting
thermal limits in honeycomb structures.
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.- a-NEYCOMB PANEL GENERALIZED

{ t _ ) BUCKLING TEST DATA
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3 X TABLE 4.1

- Test Compuleq

- Spec. Hot Face | Cold Face | Failure Failure

F Config. No. Temp. Temp. Lood | Lood

" )

- 5 1 NO RESULTS

9 | & 2 | 9 |} 3. ) 2000 } 00

- 6 3 687 363 2140 1z

'g é Y] 675 325 2700

. b 6 5 657 290 3510 1260

A 7 6 260 88 11700 14080

f 7 7 336 10 11500 13090

\ 7 8 322 S 2 11650 13080

3 5 9 218 85 6750 8190

e 5 10 461 181 4100 5900

& 8 3] 260 . 94 8100 10100

& 8 12 231 85 7100 10330

" 8 13 268 7] 6650 10010

.. 4 14 610 331 3050 2480

{ 4 15 584 302 3350 3260

{ 4 16 640 336 3000

D 2 17 670 388 2650 1640

& 2 18 653 n 2700 2140

- 3 19 670 428 3350 2560

b~ 3 20 644 394 2900 . 2920

. 3 21 501 260 4980 5540 |

a 1 22 514 255 4500 5550 ~,

2 23 e

S 2 24 527 333 3400 7190 S

p . "8 25 268 110 7150 10290 D

R 8 26 331 136 7250 8490 R

- 1 27 R.T. R.T. 9380 2200 "o
e 1 28 R.T. R.T. 8620 8800 -t

r:_‘. 2 29 ".: '.E

- 2 30 408 177 2110 4835 D
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¥ i ‘ 5.0  THERMAL STRESS SUBSTANTIATION YESF -

. A test program wos conducted in the Structures Loboratory, Columbus

Division of North Americon Aviation, Inc. in support of a Generalized
Thermal Stress anolysis for existing oircraft structure incorporating honey-
. comb sections os proposed in Phase | of Reference (8).

The test program consisted of two ports.  The first paries outlined i ’ -
; Appendix A, provides test data for correlation of a general buckling equa-

tion for honeycomb panels subjected to thermal blast. The second part,

which is presented in Appendix B, wos conducted to substantiate methods

for predicting the stress distribution in a typicol composite structure sub~ -

[ jected to lood-temperature environment, - q;
.. The test methods and instrumentation used in both ports of this test were N
. designed to provide the most accurate test results possible based on exper- D
“ ience goined during previous thermal tests ond research. The most valucble CLd
. experience, especially in test instrumentation, was obtained during the e
' thermal tests conducted for the F-4B "Hordtack Project” of Reference (9). T
Problems were encountered during the "Hardtack Project” in devising an S
adequaie sirain goge and thermocouple system. A strain goge installation, '.:-4
which consisted of nichrome goges and ceromic cement for readings to O\ ¥
600°F., proved to be inadequate. The ceramic cement acted as an insulator <

on the heated surface which produced local stress concentrations due to
thermal gradients. Investigations were conducted on several strain goge
systems and a compromise of temperature reducing the maximum to 400°F,
R was found to be necessary in order to use a phenolic cement with the

: nichrome goge. Tki: sysiem provided acceptable results and was adopted

- for future elevated temperature tests. Another problem was encountered

‘ in obtaining a positive thermocouple installation on aluminum surfaces.

= ) The previous practice involved welding the chromel alumel wire to the

;ﬁ: aluminum surface (generally non weldoble 7075 material). Excessive labor

- fime required to replace the thermocouples necessitated the investigation of

-, < other methods for installation. A successful method which was adopted

g censisted of cnlhng a small hole in the surface, installing the thermocouple

T wire, ond peening it in place. The 400°F. strain goge and the peened

= thermocouple systems were used in the test in this chopter. S
. The recording ond temperature controlling devices used during this are _'::-::‘1
. considered to be some of the best thermal testing equipment available at S
- this time. The Sanborn Recorder, which was used during the honeycomb =
o p ponel test, is a direct writing instrument which can record o number of . (Y
- variables simultonecusly. The final record is permanent ond in true recton~ '—E
;v: gular coordinates. The Gilmore Dato Logger, used in recording load, ORR
4 temperature, deflection, and strain on the composite structure, is copoble > %
. ! of printing out 100 channels of test data in a total elopsed time of 20 T
5 seconds. The Research Inc., Ignitron Unit used in ceatrolling temperatures N
F" on both tests, is o high quality temperature controller which electronically )
- . senses and controls error in specimen temperoture. .
85 T
\ o
§ &
b-‘ °
E . - e e e o e - - RS
3 AP
B o s B T e e DT S




" S il

Py .h “."‘. [ “. v

B

o gTAPaTy AVe -

NORTH AMERICAN AVIATION , INC

COLUNEYS B Vvisi0m
[ W N

The following test instrumentation and procedur=: ore recommended for
combined {ood ond thermal testing. [n preparing the specimen for test,
instoll Tomal! Stroin Goges (C12-¥42 for aluminum) with GA-50 phenolfc
cement for an odequate stroin measuring system up to 400°F, After in-
stallation per manufocturers recommended procedures, the goges are to be
cured for two hours ot 350°F. and one-half hour ot 450°F. for the best
results. At the present time, strain goges designed for temperatures higher .
than 400°F, have produced unrelickle results. The tempercture on the test
specimen con be méesored or controlled by chromel alumel thermocouples.
It is recommended that these thermocouples be installed at the stroin goges
for strain-temperature correlation and at locations on the specimen where

a certoin temperature or hect rate is desired. The thermocouples, which
establish a certoin temperoture or heot rate, are used i conjuncfion with
a temperature controller unit such o the oforementioned Reseorch Inc.
Ignitron to automatically regulate power input to the heating elements.

All thermocouples are to be installed on aluminum by drilling holes for

the wires and peening them fost ot the surface. After instrumenting the
test specimen, the sirain goges were coated with a black MiL-1-19537
acrylic lacquer to prevent goge shorts and the entire heated orea is sprayed

with an aqua~dog suspension for heot obsorbsion and stray potential shielding.

The quartz lamp radient heating units such as the standard ALT8-612 unit
are used in most cases to provide a heating system; however, for unique
specimen configurations or in restricted areas, tubular (Cal~Rod) heaters
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6.0  DISCUSSION OF OPTIMUM DESIGN PROCEDURES”

The preceding sections of this report have dealt with the-analysis of aiccraft:

structures subjected to temperature gradients. [n the pest it has been the

practice to design an aircraft for normal flight conditions and then analyze

the aircraft to estoblish the limit temperature conditions it would withstand.

This method is completely unsatisfactory in many cases, specifically for the

case of determining the vulnerability of a weopon system structure. The re=
- quired performance of the weapon system caon only be designed info the
structure, not analyzed into it.

The work presented in this section is a first attempt to establish an optimume
design procedure for aircraft structures with a temperature gradient. The
results of this study hove been gratifying in that a relatively simple procedure
has Leen developed. This section presents design procedures for two different
types of construction techniques. The first presented,in Section 6.1,is for

o honeycomb panel with fixed load and fixed strain conditions. These panel
optimization methods can be used for designing the isolated honeycomb panels
for a given load or the non=structural honeycomb parel with a given strain
induced by the primary structure. The more detailed requirements for these
design methods will be presented in Section 6.1,

The two honeycomb panel methods just outlined are also used os a part of @
honeycomb box beam design procedure. The design of a box beam to resist
thermal gradients can be approached through two structural concepts. The
first is to use conventional construction and design for the induced stresses
which may require extra material and therefore extra weight. The second
method is to reduce the thermal stresses as much as possible with corrugoted
spar webs. The second method should be lighter in weight than the conven-
tional construction but the induced thermal deflections are larger thon those
in the conventional structure. In each of these cases the box beam section
is optimized for given applied primary ond secondary moments with some limit
heat input. The secondary moment is the critical moment in the reverse
direction from the primary moment. The honeycomb box beam optimization
procedure computes the minimum weight, producible configurations for the
upper and lower skin panels as well us the spor spacing.

A second box beam optimization method was developed to determine the
minimum weight configuration for skin stringer type construction. This method cd
includes the two types of spar construction as mentioned in the discussion of s
the honeycomb box beam method. The skin stringer box beam design uses two
spars and integrally machined skin stringers. The skin thickness.and stringer .o
spacing for the upper and lower skins are the prime objectives in the optimi- -

zation procedures. -

The method opplied in these optimization procedures have not used the olloweble

stress methods as originally planned . The basic idea of the allowable stress

method is used however, in that the design methods are based upon the element

strain rather thon stress. 'Yy
87 .
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Historically, optimization methods were refatively simple when only o few
pcrameters were involved. In many cases the optimum configuration could be
found disectly from the differentiation or minimization of a weight equation- .
which was expressed in the ferms of the clfowable equations. With attempts
to optimize more complex structural arrangerrants the weight equation become
too complex to permit direct solution. At this point the high speed computer
became a tool to minimize the weight equation through calculaticn of several
configurations and selecting the minimum configuration from a simple equation
through these points. With the introduction of temperature gradients info the
problem the interdependencies of the structural parameters becomes even more
complex. [t becomes extremely difficult to solve this problem in the terms of
opplied stress and allowable stresses os past optimization problems have Been
hondled. Therefore, it became necessary to develop a new procedure or con-
cept. It was known thot by assuming the totol strain of one element the strain

T
o

"l
;

o 0~ e g e e
.

;{'!‘ of the other elements could be determined independent of the element areas ey
i for an axially loaded member. Thus several configurations con be determined \ oy
3 from different assumed strains to obtgin the strain at which the minimum weight Y.
1 configuration occurs. More details of this technique will be discussed in the . i
;_‘ following sections of this report. With the addition of bénding into the pro- ”"‘g
X blem, an expression for the bending strain must also be included in the element - “:
: ‘strains. This was accomplished by assuming a maximum bending strain on an -
3 element with a straight line distribution between elements (plone sections re- *
main plane). This assumed bending sirain is iterated until a balance with the Y

bending moment is achieved. Again several configurations are computed aond
a minimum weight configuration determined using these points.

.
ol
._L..A.l)

.

The optimum configuration thus derived may then be used as a basis of the
final design development, The final design then must be checked against the

e 0"

.
.
. s
'- Aard

4
<«

rycrr

= design limits using the allowable stress program presented in Section 2.0 of
- this report. Any changes in the configuration during the final design devel- L
- opment phase may be referenced to the non-optimum configurations generated i
p during the optimization process. A reference to these configurations will
= \

-

indicate the weight penalties involved in the changes and possibly indicate
the direction in which the change should be made.
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6.1  HONEYCOMB COMPRESS«~. ~ ~“ANEL OPTIMIZATION

This section discusses the optimization of honeycomb panels (Fig. 6.1) or
individvol structural elements. Two different condiiions were consideradk
for the honeycomb panel design. A method for the optimum design of o
honeycomb compression panel for a given locd was first derived. A second
honeycomb ponel design method was derived for a given axial strain. The
fixed strain procedure fends itself to the design of secondary structural
elements dependent upon the deflection and strains of adjucent primary
structore, - - )

e e I

- Bath design methods have been derived for thermal grodients dependent
upon the panel configuration. The dependency of the temperature dis-
tribution through the panel on facing thickness, core density, and core ..
depth insures on accurate design solution, but also complicates the pro~
blem greatly. To reduce this complexity the facing temperatures have

been expressed in on émperical tabular form as a function of the configur-
ation parameters. With this approach a minimum emount of time is
expended computing femperatures. However, since the final temperature
is dependent on the configuration and the configuration dependent on the -

Mk otk 6 S 2oy T d g e b T anenty
O} LT VT S
¥ v s
. r v =
¥ ' ., a
j i
POV TN SN AL AR )

temperature an iterative process is required to ochieve the final balanced s
design condition. ‘
: 6.1.1 HONEYCOMB COMPRESSION PANEL O°TIMIZATION WITH ::'.",'j';
- FIXED LOAD o
: The honeycomb compression panel with a fixed lood is designed to sotisfy 3 y
three failure modes. The three failure modes used in this derivation are :
general panel buckling, face wrinkling, and intercell buckling. The 3
general buckling allowable lood os used in the following derivation 1s a 3
function of two unequal facing thicknesses, core depth, core density, edge )
fixity conditions, and panel size. This equation can be written as follows: 1
N=FPM A W ‘ (6.1.1) s
a2 : : ; :. *:J
A= n2tit g E By (6.1.2) : h‘—*“:{".‘
F i
_ 2 =
(=19 @ Ey+1pE) RO
H=(C +.'!'__%‘L) 6.1.3) o
I . v f :. :‘-_'..“
. Pu= K x + V’) F 3 -w..!‘!“
4 "
' X . (60 1 -4) i
! 1+ L+g- F 1 :
K=c| + 2c2+c3 F:cl% "C22+ ! ;” CZK ) i ._._.j.‘
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T-p T-p
Lf—(cl%»___. cz) Vx +(c3+-——--(2) Vy

2 4 2
i :
) v = A < w=n C __
. y o? Giy
Gl = _2_‘1! for Hexcell Core Gi, = Gg,  for Square Cell Core

- ' (Figure 6.2

The constants cy, c,, c3, ¢4 are a function of panel edge fixity, o/b wtio
and number of buckling waves. The constants con be computed os follows.
for the four primary boundary conditions:

Simply supported panel
L]
- b2 ]
1% o C‘ = C2 =1 c3 = _4
nZal pos

Loaded edge S.S., Unlcoded edge clamped

- 6 b2 4 n2a2 _ 4 g
°, €)1 = e —_— . = Cqg ™ =

3 U3 o3 273 ST 4" 3 27
'3 Looded edge claniped, Unloaded edge S.S.

- 446n241 o2

;_ = ] c3= —?—-—-—-—-—

>-\ 2 n+1 ;2

. bz b2.

.. c,= 3/4 — c4=3 foran=1

L e e

E\'—f <1 =c4( i _EE_ forn>1

:; n + 1 al

= " All edges clomped

- _ B2 _

E"-‘ cj=4 c4—4.62. forn=1

N 2

::- c;=4 C4=(__ 16 )_9—2-. forn=1

. 32+l /o

"

K ) 44 602

3 Q=43 o= (‘._iﬁﬂ._i_‘_) it

h:. n2 +1 b

.
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ihe foce wrinkling moce of foilore is primorily @ function of the core demsity
ond focing modulus. The alfowable facing stress is expressed as follows:

Fow = -5 .066(1%)2 13 (6.1.5)

+

G, £ (g te Ep

B sust be nated of this point, however, thot the facing moduli, E end Ey,
are a function of F,, when F_, is cbove the proportional limit for the -
exterial. n such o cose the Ramberg~Osgood stress strain relation (Section
2.0) must be used. The intercel! buckling is also dzpendent uporr the
Ramberg-Osgood strain relation along with facing thickness, and cell size...
The allowable intercell buckling focing stress is written as follows:

3/2
Fej = .9 Eg'.ff_) / . (6.1.6)
S
g = 2EFT (6.1.7)
E + E]'

With the allowable Equations (6.1.1), (6.1.5) and (6.1.8) the design of a
honeycomb compression panel can be accomplished. The requirements of the
design for this derivation has included a temperature gradient as well os the
oxial compression load. The opplied stress und- these conditions can be
expressed for the critical compression as follows:

Foopplied = aE AT - 2 Y aE AT AA +—gpp (6.1.8)

scause of the two facings being af different temperatures and thus having
diiferent material properties and stress level, an effective area of each
element must be used. The applied stress Equation (6. 1.8) is made up of
the full fixity stress aE AT, the axial relief stress l/AZaE . AT
A A , and the opplied load stress N/ £ A A, No bending relief stress
#s used in this analysis since it is assumed that the panels are restrained in
bending by adjacent structure. The above Equation (6.1.8) can now be
rewritten as follows:

F. applied = 'al Eg (-1 -
a) E1 (Ti-TR) #py + @ Ep (Tp-Tp) tfz-]
i |
Mt (6.1.9)
s} -
+ N

B2,
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For the design of the minimum weight panel the allowoble face wrinkling
ond general panel buckling stresses will be equal to the opplied load
stress.  Therefore @ relation for core density {t./g) con be derived by
combining Equations (6.1.5] ond (6.71.9) os follows:.

. 2 1
.5 .oas(fc) G, E, (& + 3 E 7
S - .
N
= ay Es‘ (TI-TR) 1-
N+ 52 ay )
& '
+ 1 [N-a2 Ep (1) 1] 6110 S
t + ..Es_}. ‘ ' ‘_-
nTE 'm R
|
i n .2
a) By (Ty-Tp) 1= E2 2]
= tfp + — £2
fe © - Es)
3 1/3
5 1:066 G, E, (g * 3 E-n)]

-y

__'__E_é_ -~ 0t ] 3/2
S£ ¢ N- ao E T)~Tp) ¢
t +Egy 174 L 2 %2 V27 g2

(6.1.11)
5 [-086 G E, (5 + 3Ep)] i/3

Another parometer which must be determined is the core depth (C). An
expression for (C) may be derived directly from the general buckling Equa~
tion (6.1.1) as follows:

N= Py A H
Mo

a
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Substituﬁng Equations (é_.l.Z). (6.1.3) and (6.1.4} ; N becomes:
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G::x = Gzy for square cell

. . (Figure 6.2)
Gex = Gey/2 for Hexcell

f -3
KK, (C+X?2 YO(K‘YC + KIYC\) FKIY (C+X)? ]

c4Gex G&,
K l2 y2 C2

1+L+ F (6.1.13)

r o Y >
S s P\ S
E'nrh ooz Bae b ia
N P

~ T
g
1

o
7
o

K K(C+x2Z+cicrx2fKiZ + K2 S I
Gixc4 a;cy

fma s g Aol

(6.1.14)
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N 1- ¢ KICN (., T - & K, CN
vt v 7 T e ety 2 <5

, s g
NKY _ K K3;
sc2(HRIEY Y o 3 P S il Y-V
G&Géy%) [ <4 G

2

2 & &2\
+c? [KK+2XFY \Gosb éi, B o
.!. K 2
2
- +C P xKkik+x%Y (Kl N ng\ +x2|<,|< (6.1.16
- NG Gé)’/ 1
: 2
3 K°_ + Ky
- ¢ i (Gc'x°4 ch)
- +c2 K,x+zxw/'<1'2 . K2) - NKZEY
) LT TS CLSL s
o f 2 N
2y | K 1
S:}' | 1 +C RXKiK + XFY (G&q‘ + Gt )
‘ - 1- & -k
S - BT (TR T W R N
¢ ] N T o ]
b ] 4
- -
3 ; g N
-.: - + K -~ =
»’F.'
“_ No further reduction of Equation (6.1.17) was attempted since the solution
L of the cubic will be performed on a digital computer. .
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Al the Equotions (6.1.11), (6.1.6) (6.1.17) for the design of o honeycomb
pane! in compression have now been presented. From these equations it is
evident that the design procedune for @ given panel with a thermal input is wesy
complex ifottocked directly. The complexity is primarily estoblished by the
inter—dependency of the temperature distribution with the panel configurations
ond the inelostic  stress-strain relation inherent in an efficient design.

While designing a honeycomb panel to perform a certein job it will be found
that there ore on infinite number of ponel configurations which will perform
this job with o zero margin. The structural efficiencies for these infinite
number of configurations vary, however, over a very wide range. The con-
figuration desired is the one which attains the best efficiency (or minimum

weight).

The following design procedure has been derived to compute this minimum
weight {optimum) configuration under the conditions previously stipulated.
The bosic opproach to this problem has been changed from one of stress os
used in the post to one of strain, By ossuming the total strain on one facing
of the panel the strain can be computed for the other facing. The strain on
the second facing is expressed as follows:

R gt Lok s (et el ) 4
P ]
[ o

PP g IRV PRI
. B A ]
N . !
J.‘LLIA"‘ l.

82= 5‘- a(T]-Tz)

This equation is valid since it has been assumed that no bending occurs in ] _
the ponel. The bending restraint is assumed to be provided by adjacent )
structfure. L
.-
~ At this point an arbitrary facing thickness tg] is also ossumed. With this 2
assumed value of tg} an initial estimate of the facing temperature is com- -
puted. This initial estimate is made with a very simple equation: =
: 1
Ty = __‘_(_'_ + T2 R T2 = Boundary Layer Temperature (6.1.18) »
in .
Knowing &) ond 8, and the temperature of the facings, the facing stress
(F) can be computed using the Ramberg-Osgood equation. The solution of 1
the Ramberg-Osgood equation is an iterative process of trial and error. The 3
equation to be solved is cs follows: -
- -1 94,
5= F 1+3/7 (Fy °
T [ 'F—y—) (6.1.19) p -::
3 j
The yield stress (Fy) is obtained from material properties at temperature. A
FRA
kN
Knowing the t;) end the focing stresses F .y and F_5 the second facing thick- . H&
ness can be computed os a function of the applied foad (N). The expression ; Sd
for tgp can be written os follows: ol -:
{ D
-
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t{z = N=-igFy
Fe2

Having obtained t;, (Equation 6.1.20) two other porameters remain to be
determined to conpzlete the panel configuration. These pacameters tc/s,

- ond C, can be determined from Equations (6.1.11) and (6.1.17), respectively.
With the final determination of panel configuration for the given lood, temp~
erafure, t§1, and 8y a new estimate of the temperature distribution can be

(6.1.20)

Unadll |

made. This new estimate can be made with much greater occuracy because = :

a panel configuration has been determined. The method of determining this :{:_\

tempesature distribution is taken from Reference 10. The curves used for -

ko o aluminum honeycomb cre presented in Figures 6.3 and 6.4. ®
E The process of estimating the temperature and recomputing the panel con- :

- ) figuration, os described, must be repeated until temperoture convergence f.‘ ‘:'

L ' . is achieved. At this time the temperature distribution and the panel con- )

° figuration have become compatible. The area cr relotive weight of this —d

o ) configuration can be determined s follows: —.:

- ) A=t + 1 + x_;_c__ c (6.1.21) - 3

» B

!
7 e a
3

where

- K = 2for square cell, 3 for Hexcell

v i v

'er
PR .
l‘-.‘ . '.'. -

i

l! ’
f
JL.L»‘

With a compatible panel configuration determined for the assumed strain

8, and facing thickness t¢y another strain 8. will be assumed. A com-
patible panel configuration is then determineé for this assumed strain also.
This process is repeated for a third time so that there are three different
configurations for the given load and temperature condition ond assumed
facing thickness tf]. At this time the strain ot which the minimum weight
configuration occurs can be determined. The process of determining this
minimum is one of fitting an equation (described in Section 6.4) for area as
a function of &, through the three computed points and differentiating the
equation and set‘ing it equal to zero. The &, which satisfies the dA/d 5, =
O equation is the strain at which the minimum weight (or area) configuration

| NP ‘<
e P
-« v 1] . 7 1

i. P I NN
rtak g o

s >~ * ape ALh Sew 2
. . [
2

1
’1

LI ORI

PO
AL P
P [
P
e et

¥

»
kb n

!
T TR
e -

’

L occurs. Using this 8 the optimum configuration for the assumed tgy can be -
;j' ) computed by the preceding method, e i
@ At this point in the analysis the assumed tgy is chonged ond the complete ;‘1
fo procedure of computing three panel configurations for three different 8 ,'s St
e is ;epeated, Again following the third B, computation the optimum con- -
e, figuration is determined for the second assumed tg}. This process is repeated
T for a third tq to esteblish three optin.um 8 configurations os a function of
;:_-'_‘ tsy (Figure 6.5)
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With these three points the absolute optimum con be detusmined. The
determination of the absolute optimum point cun be occomplished ogain by
fitting an equation for the orea {described in Scction 6.4) through the three
computed points as a function of t7] and setting the derivative (dA/dtg;) equal
fo zero. Afler solving this equation for the optimum tgy the process must be
repeated to uetermine the configuration compatible with the optimum tg).
This final configuration will satisfy the loading and thermal conditions
applied with the minimum weight configuration within the tolesonces of
engineering accuracy.

i
T T . B N

The preceding method was programmed as described on the {BM 709 Digitaf
Computer as Progrom E2001. Details of this program such or the FORTRAN
fisting, block dicgrem, symbo! listing, end input data ore presented in

Appendix D,

L'rl. el “r ‘xl:'l::lli&x

oY
N N @iGaire -~ AT
Sepen o

] Results from this program are plotted in Figure 6.6. Each configuration
computed in the described procedure is plofted to present a better picture 7
i the process to find the opfimum configuretion that sotisfies the given loading Y
} ond heating condition. This plot is also a valuable too! in selecting non- S
optimum configurations in a case where the optimum configurotion cannot SRS
be used. ]

bowend
L,

6.1.2 HONEYCOMB PANEL OPTIMIZATION WITH FIXED STRAIN :

L}
-'l.

The fixed strain design prt;cedure has been derived to satisfy the requirements
of secondary structural elements. These secondory structural elements in
general are not highly stresced lcad carrying elements but elements which

TOPRRAC IS,
ak
[N
, »

ore required to cary only the strain induced in them by the primary ':: :-::':

. structure and thermal loadings. However, these secondary structural 08

. elements must stili be copoble of withstanding the induced stresses of stroin.

| The failure modes which establish the design criteria are general panel s
-, “ buckling, face vrinkling, and intercell buckling. The Equotions written .
b . for these failure modes in Section 6.1.1 remain basically the same, (6.1.1)
A i (6.1.5), (6.1.6). The approach tu the derivation of this method remains
- - one of strain analysis. If 6 ) is considered as the + extensional strain T
M A induced by the primary structure the total strain for each of the two facings ;
L i can be written as follows: -
5 5. = a. (Tym 5 £
.:. ? ] a l (Tl B) + N (6.'.”) ::‘-..._ .
E:: * 82 = 5" - (a'Tl- a2]:2) ) (6-‘.”‘ :'.\.: ‘

3 ) i
! i The initial temperature estimate is made by the following equation Hi
z . RN
[ . - KT = M
- T‘l - 1’2 + T2 TB (6.‘024) N :“‘:{
¥ ] 1 BiR
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Knowing 8 and 8, the second modulus and element stress for each facing
con be found from ?hc moterial stress stroin curve (Reference Sectior 2.0).

At this point the core canfiguration can be computed having axsumed &
facing thickness tf] with the following equation:

tc . r 5163 | 32

s ' v
..{.s. {.066 Gcsccg,+3en)} - 6.1.25%
s=(-9E1\ ¥3 (6.1.28)
Fel i '

. The second facing thickness fgp can be computed from the equation for cell

.....

size (S) as follows:

2/3 ’
ty = S (_Fiz.____) (6.1.27)
i 09 ERZ .

The remaining pane! parameter to be computed is core depth which can be
derived from the general buckling equation:

Ky C+xk +(KIC 4 KIC) ] ®Y

N = Tcs —{6.1.28)
1+ L+ K2
Y G&ch°4

The load N to be sustained by the panel can be expressed as follows:
Na=E1 83t *Bp 82t 6.1.29)
Setting the allowable load (Equation 6.1.28) equal io the applied load

(Equation 6.1.29) the following cubic equation for the core depth C is
obtained:
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Gixcg  Goy )’

| Na
.' 2 2
. - Ky + K 2
+ C2lk,K ., 2XFY (Gg,c4 G’ )- Ky FY
t ENA : N, GLCLx4
- [ Ky2 Ky2
- Y= ) 2XKK L
X + ¢ [FYXGre, L . 1 "
:] ‘ [ Na Ny c}
&
4 2 '
3 =1 X°K,K (6.1.30)
: Y Ny -
L _ 1- K Ky -
= = (C) + Co) + (Ca t 1-F Ky
c TP wm ST
{6.1.31)

This cubic equation for C is solved by a trial and error iteration method on
the computer. At this point in the computation the temperature distribution
in the panel must be computed and compared for convergence with the fost
computed value. The temperature information is taken from the curves in
Figures 6.3 and 6.4. [f the temperature has not converged the panel con-
figuration must be recomputed as described. Following convergence of the
temperature, the areq, or relative weight, of the panel con be computed
from the following equation:

A=tp + tp + K 1C (6.1.32)

where K = 2 for square cell, 3 for Hexcell (See Figure 6.2)

The process described is repeated for several values of tf] for the given
applied load strain 8. This procedure produces a series of points re-

lating the panel area {or weight) as a function of t¢y. It was found that

this procedure did not produce a minimum, but went to zero Area for

tgy = O. At this point in the study minimum values for the facing thicknesses
te) and tg) were used along with core density and cell size limits. With
these limits imposed @ minimum practical configuration is reached.
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‘ The m=thod discussed wos programmed on the IBM 709 Digital Computer -
o Program E2004. Details of this program such as the FOIRAN listing,
) block diagram, symbol listing and input dota are presented in Appendix D.
i Sample results from this program are plotted in Figure 6.7. Each configura-
tion computed in the described procedure is plotted to present a better
o I picture of described process. Each configuration derived will satisfy the -
R induced strain and temperature requirements of the design condition. "t
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i 6.2 HONEYCOMS BOY. BEAM OFTIMIZATION '—:
' ﬁ. To this point the optimization of hoseycomb structural elements have been - R
discussed. In general these-elements oppeor fiv @ primary food cerrying R
'!' structure which can be clossified os 0 box beam. The honeycomb elements "‘3
- discussed to this point ore used in this box beam as the skins or focings of L]
the box. The spor webs and spor spacing must be designed to sctisfy the design ]
T condition os well os the facings. While the honeycomb pancl optimization -8
- design condition allowed for enly axial loading, the box beam must be. . SO
a designed for bending and shear foads. The bending load can sfill be assumed RCR
\ to induce axiol loods in both the upper and lower honeycomb fecing panels. - 3
- . Besides the opplied bending moment there is now o thermally induced bending- - 'i
. moment to be accounted for. This thermal moment is dependent-upon the .
upper panel configuration, which defermines the primary temperature, and the ’ o,
remaining porfion of the box beam. . 1
The optimum design process developed during this study uses both the fixed )
. . load and fixed strain honeycomb panel procedures to derive the optimum box E
. i beam configuration. The details of opplication will be discussed later in L~
y : this section. ‘ " -.?4
& .. In the design of a box beam two types of spar web construction must be con- .
L sidered when the thermal stress problem is present. These two web configur- S
¢ > ations are designuted as straight wek, Figure 6.8 and corrugated web, T
. - Figure 6.9. The two types of construction differ drustically in the presence ]
3 of thermal stresses. In the case of the straight web box beam, thermal . . .,!_1
3 ! expansicas of the upper facing induce loads in the spar web and lower facing o
- P as exiensional forces and induced bending. In the case of the corrugated spar e
R i ‘; web the upper facing panel{including the spor attachment channels ) is free o
- | to expand without inducing loads into the rest of the structure. Thus the ""VJ‘
“r_ . thermal effects are retained entireiy within the hot facing panel. There are B
! | certain advantages fo this type of structural arrongement but the major dis- - _,?
% * advantage is the lorge deflection induced. If this increased deflection and (. )
‘ \ warping under thermal loads con be tolerated a light weight structure is ]
! most likely possible. :~: ‘.:'_z
L RO
5 ) 7
C'" l '.”_"T‘%
&;’ Ll S
., -
-,
- . =
E_’ .
r‘ ISR RN ABNNERNRREARNREENRNIANREREREEN]
S > STRAIGHT WEB BOX BEAM
. Figure 6.8
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q 6.2.1 SPAR WEB DESIGN . 3
¢ In the present study two types of spor webs are used for the box beam design. ot
1 The first type to be discussed is the straight spar web design to carry the o
:- average axial strain and shear strains without buckling. The allowable -2

sheor stress can be expressed os follows:

Fier = Kus (;—:i) 2 3 (6.2.1)

The allowable axial stress is expressed as:

2
Er,, ©-2.2

. 2 ) ?':‘7.»—‘1
& ’-'.' . . -

i
‘.‘.I

]

Fer = Ky tw

o)

-
v 4

Ve P
"o‘-

The opplied shear stress and axial stresses are:

3 ._a
. " fs ( % + 1 ) tbw £, = e Esw (6.2.3)
. b

. s

. 4

:: (-gwl-'— +. ]) = No. of Spar webs -~
\:_ E O
t‘::: These values are combined in the shear and axial load combined stress )
i) equations to derive on expression for t._ as follows: e
S

:
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(bw Esw + ( oz =1
b K EMJ &
"1 2.5
3 Esw m= Ramberg-Osgood Coeff. g
.EE‘;W. Q-m+m oo
Solving for t ) " ‘;
fé - f2 ewbw - Qz \3 =° (626) A
wow T2 (.2 g2 (CL+Ty 2 —
. w Tw Ky (T ) ' ]
—
This equation (6.2.6) can now be put in the form of a simple cubic if te 2 \‘Cf
is sef equal to Xpy, which can be solved directly for Xgy or t ‘2,. B
N ._‘_._3
i The second type of spar web design is the corrugated web. The type of X
corrugation selected for this study is shown in Figure 6.10. :.1
CORRUGATED SPAR WEB L
i Pa f ot
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o
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FIGURE 6,10 >
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Sinc this spar web'is incopable of canrying eny past of the bending moment
on the box beam, only the sheor locd must be considered in its design. This
type of shear web con be designed to on ultimate shear value (Fgy) selected
by the designer. The corrugation length (b.) can then be determined to
prevent buckling of the web. The web design porameters con be computed

as follows:
. ) a B V2 627 -
=fCL +Ty b g b, =t,, Fw -
) ;
3
If b, < b_min T setb = b_min ]
b, min = minimum rivet spacing g,
12 3
= bc min FSU (6.2.8) {:
Kws Ew y
z .
Bearing Load = ¢, BR; - (6.2.9) 3 AR
inc i: _'_
Rivet load = "i:’ | (6.2.10) 3 i
: 3 )
. . _ beQ T
Rivet Dia, Req, = —S—— (6.2.11) 4

buwbRs 2 B

3 Lo

If Rivet Dia. > Max. Allow Rivet Dia. E ::E:::,;]

1 y oy

Set RD = MRD b, = RO bwhyBRs (6.2.12) T .

Q . r t\‘_:y *4

RS

I be < be min t, = 1, DPcmin. (6.2.13) « e—:-_%
be R

set bc = bc min

LI .
o a ¥
o
e
el

by=2xBRxty, (6.2.14)
The relative area of the web can then be computed as: : ! :
CcL P
[tb(bw+15)+bbt (bw +15)] ( +) (6.2.15) ]
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6.2.2 STRAIGHT SPAR WEB BEAM DESIGN

The method selected for the design of the upper and lower cap ponelsis. - -
dependent vpon the-type of spor web constroetionr.  The primary difference

in the two spor web types corsidered in this study is the bending effectiveness
of the spar webs. The straight web is considered to corry a share of the
bending moment vhile the corrugated web carries no bending.

With the spar web corrying port of the bending moment the portion of the

load carriedt by the caps s not directfy obfainable. Since the configurafion
of the box beam is the object of the design problem no moment of inertia or
size parametess are availkble to estimate the stress distribution.. This is
specifically true in the case of irelastic stress where the distribution is non~-
linear. Therefore strain analysis,which is more independent of the con-
figuration,must be used. In the case of the honeycomb panels a sirain on one
face could be ossumed and the strain on the other face computed as o function
of the teinperature distribution. This is no longer true since there is bending
present. However, if the assumed upper panel strain is a total strain including
even the bending, a bending strain distribution for the remaining elements can
be assumed. This assumed bending strain will take the form of a straight line
distribution of zero on the upper cap and a tension strain elb, on the lower
cap. At this time the fotal strain on each element can be computed os
follows:

Average spar web strain

..'I 4 . L » ..., xvl * *
. . . . ‘ =
t ’ t

1.4"- oL

1 . . N L] ¥
KR . e
@l s s @ e uak L
Mo PPN~ IR

.
4 ew=egy -2y Ty = ay, T+ V2ep (6.2.18) o
V g
4 Lower cop strain ey
& *.'_.'_‘.':1
_ . _ a1 R
f';'-‘ ep=ey-(, Tyy-a; TP +epp - (6.2.17) :,,g
g Porameters which must be given for the solution of this problem are as follows: ]
L::: CL Chord length :‘-_::E:‘:‘]
P:— h or bw Beam depth to center of feces - R

7 1

( !
;T: - M, Primary bending moment
& -
.- MR Secondary reverse bending moment
e |
- -
- Q Primary sheor lood
& *
S - L Rib spacing
T .
¢ ? m
-
:::.
!
- ce e e e
3" ------- e Tt et PRI SR ;:_..* R .;‘_. .
_: SN :\-' B N o i ReCTRR T S A
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initiolly ossumed porometers are os follows:

§ %7 Tobal steci om 5}, of wppor owps

i LT B.eoding stroin on fower oap.

: tn Upper focing thickness for upper panel
w Spor spocing

The temperatuse of the upper panel face (T,1) used in the element strain
equations just described wos foken fiom the fixed strain honeycomb panel
opfimization procedure described in Section 6.1.2. The orea of the lower
facing & estimated by the following equation:

teg Ftpso M, (6.2.18)

cth f,

To complete the initial sizing of the configuration a spar web thickness (ty,)
must be obtained. The sixth root polynomial derived in Section 6.2.1

{Equation 6.2.6) con now be solved as a function of L
$-2 2et-[ Qb - 2 0 6219 oy
i K2 cL ., Er . o
w (W_— l) w ¥ e
. MR
: Equation {6.2.19) designs the straight spar web to remain unbuckled under T
the sheor and bending end axial stresses induced by the thermal and primary -}{ %y
static loodings.  Now that a configuration has been derived the equili- R
- brium of the section must be checked. The first requirement for this equili- A
E‘* brium check is to determine the location of the neutral oxis, since - . .. @
N the moment must be computed about the neutral axis of the beam cross- -:‘.-"j:j
; section. The location of the neutral axis below the center line of the upper RS
9 pone! is computed from the following equation: )
o 7 = SAivaka ' (6.2.20) oo
[..‘ X An Ea “%
E .‘l\i " (1.1 {tes +1 (6.2.21) \i
p — — e tes hdndd - -
¥ y =2 " (w +ery bubs Ui+ 179 L
L ] i JROPRX
| (W * Cr)Ewbwhy + EsL (154 * 165) + Esf1 161 + 2 12 °
[~ \
g
P:
b "
S
3 >
! . :
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i.' '.-,',.-1: {
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Using a moment botance equation cbout the nevtref exi¥, o actvaf ¢y,
con be computed.

Bk Bk

ﬂa.r.r“{
SNt

' - . . .
. PP}

loaect gy tpuei NEwy

e = | M+ eu]EsltF]CL; + euZEs2tF2 Cly +

(eul' 1Bt wiw [E;Wtwb\n (~C-E +‘)(;" -* ,j‘ ’
= w - . <y

(eu,- ;T)i- -'.T[) E‘LTF’CL(; "ﬂl » (6-2”
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- ! ' With this computed eL? the upper panel load required for axial balance N
L. . can be computed as follows: . nd
_— . ™
 © o
s PU‘ = th €ue E$2 CL+ €11 ES] ”Fl CL= 3 ;.'.:

- (‘C—l"-' +']) Tw by ew Esw - e Egp tg CL (6.2.23) 4 ..._'.:’

w
The load P, is then used in the fixed load honeycomb panel method to

1
determine the optimum upper panel for the given load and optimum strtin
level e, for that load.

A R U
'.'H:‘ ’ lv‘ ' RS
2 2

P
»
I'l

Since the P_; and e ;) have been computed from the equilibrium equations
and are compatible with ), convergence of e}, is all that is

necessary. Therefore, by comparing the present value of ey, with the lost
value convergence can be determined when they become equal within a
preset limit.
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The only portion of the total configuration which remains undetermined at o
this point is the core configuration for the lower box cap. The area of the )
lower panel facings has previously been determined from requiremants . oEis
imposed by the primary bending putting the lower cap in texsion. The core --.*1l
configuration will be determined from the compression loading imposed by 4
the secondary bending moment and thermal input on the lower side. The

compression load (}'PR,) imposed on the lower face is estimated as follows:
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o ' .
Py = __; XP 1 =0g F at 2 Fd CL (6.2.2446.2.25)

My XPy) '
XPgo -~ 3 z (6.2.26)
bw vl ]

To determine the final fower configuration three thickness ratios of ffgﬁ“ ore
used knowing ‘he value of t¢g + tgy (Equation 6.2.18). By assuming an initial
core density and depth, the temperatures Ty end T can be computed fromr the -
curves of Reference (10). Assuming a strain e5, ey can be computed os:

e4=e5-(a5T5-a, 1) 2.2
A check of the equilibsium equation must be performed:

PN = e4 554 *F“ + e5 EsS 'Fs ) (6.2.2”

the computed Py must be equal to the XPpy applied to the panel. [f this is
not satisfied e is changed until the condition is met. When the condition
is met the core density can be computed os:

.t.c. = r Fes 3/2
s L.s E066 Ges Ecs (Es5+ 3 Er) ]‘/3 (6.2.29)

The core depth (C) can also be computed from Equation (6.1.17) of Section
6.1.1. With the computed configuration just established a new temperature
distribution in the panel must be computed and checked for convergence,
cgainst the last temperoture values used. [f convergence haos not been ob-
tained the configuration must be recomputed os described. When conver-
gence is obtained, the area of the lower panel is computed as:

, « .
A ot I il L R ¢ et ]

A 4

(ol il

As=tpg+ tes+ K _%_ 'C (6.2.30)

o ign

The procedure must then be repeated for another rafio of t5/ts4 until three

configurations have been obtained. At this time a minimum weight config-
uration can be estimated with the curve matching process (Section 6.4) from
the valves Ag as a function of t.

T

When the lower panel configuration hos been determined as discussed above,
the relative area of the total box beam can be computed by combining
Equations (6.1.21) (6.2.30) and the spar web orea

AT=fF'+fF2+'F4+fF5+K'c; C’ + K

i tcs Ce +
5 0
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e
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bt LW T4,

Cct.

(6.2.31)

Following the computation of the total area A @ new box beam configuration
must be computed for another value of tg; until three configurations are
obtained. These three configurations ore then used to determine the value of
tg1 which will produce the minimum weight configuration for the given spor
spacing

Following the determination of the minimum configuration for the one spor
spacing (W) the process is repeated for two more values of W to achieve
minimum weight configuration with respect fo spar spacing (W). This total
process then provides the designer with the minimum weight box beam
structure to withstand all the induced thermal conditions and loads for the
many parameters involved.

The details of the programmed procedure ore presented in Appendix D in

the form of block diagrams, FORTRAN listings, and sample data sheets. A
sample plot of data for o typical design problem is presented in Figure 6.11.
This plot presents each point computed in the optimization process described
and presents a better picture of the procedures discussed. The plot also shows
the weight savings which can be achieved by such an optimization process.

6.2.3  CORRUGATED SPAR WEB BEAM DESIGN

The corrugated spar web beam design must be considered when thermal

gradients are present in the structural design requirements. Since the corru-
gated zpar web will not restrain the hot facing panel from expanding the thermal
stresses induced in the structure are much lower. These lower stresses will
permit a lighter weight design when censidering a strength design. However,
the corrugated spar will allow greater deflections for the same relative weight,
and weuld be considerably heavier than the straight web coristruction in the
case of a stiffness design.

The load carried by the upper and lower caps can be determined directly ’
for the corsugated spar case. These loads are computed as follows:

Py = Pz =M .. (6.2.32)

This load P, 3 con then be used directly in the fixed load honeycomb panel
optimization procedure described in Section 6.1.1, Following the deter-
mination of the upper cap panel configuration the area of the lower cop can
be determined. The lower cap area is assumed to be critical in tension for
the primary bending moment M.
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FIGURE 6.1
OPTIMIZATION CIRVE
RI3 SPACING-L =10 IN
BOX DEPT:- b, =5 IN
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SPAR SPACING, w, IN

OPTIMUM CONFIGURATION

UPPER PANEL

h.1=.043¢  TEMP1=241F _ -
trp=.0301  TEMP 2= I56°F

Cy=.33

e = .00563 sp=.5676

$

LOWER PANEL
tps = .0499 TEMP 5 = 226°F
tpa=.0334  TEMP4 = 203F
Cp=.18
-’% = ,00226

SPARWES t, = 0530

Sy = .7633
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The fower ponel must abo withstand the comoression lood induced by the
{ reverse moment M.

e
3 PR T
[ J L- VIR

The Ppo con then be used in the lower pane! design procedure described

in Section 6.2.2. This design method ensures wificient arec in the lower
- panel to carry the tension foods induced bv M, ond panel stobility to carry
.. the compression loads induced by Mg.

.r!

,.

N ~ar o
Lm.wm

The design of tle corrugated web is the only problem remaining in the box

ey [t 2l M L s
AP L Rt S L RATAERE — KASIORIOR = OV
. e - - R L
.
|
[]

1
B beam design. The design procedure for the corrugated web is described in >
' Section 6.2.1. L
.. The design procedure fo this point hos been for a given tgy ond W. As in :
‘ the straight web box beam, two more values of ty ore used for the fixed W, :
- The orea of each configuration is computed as: 3 -
" Ap=tp +ip gt v KL C KIS g P
- Sl Ss E . L
: +ftb. b +1.5+b ¢t b, +1.5\/CL ,q\(6.2.34) : o
. \ be \w . 5
i CL E -
- - - E o -
N The parabola method of Section 6.4 is again used to estimate the minimum RN
-- area configuration as a function of #fj. This process is repeated for two 2
more values of W to provide data fo estimate the minimum configuration ’ o
) with respect to fg7 ond W, ) .
. Ty
X The 1BM program for the conugated spor web box beam design is included Bt
o in the some program with the straight web box beom presented in Appendix - '.:}3
" - D . Using the same computer program, the option of straight web or cor- s -j
- ! rugated web or both box beum designs is up to the engineer. Data from the NN
E ’ corrugated box beam. progrom is presented in Figure 6.12,. for comparison L
r with an equivalent straight web box bzam. ]
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FIGURE 6.12

CPTIMIZATION CURVE

L L

bw R oy y ‘i_‘/
=
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MAX SHEAR LOAD-Qy = 2000 L3
RADIANT EXPOSURE-Qy = 18 CAl/ca
TIME TO PEAK, - 7 = 1.014 SEC

COMPUTED OPTIMUM—I
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SPAR SPACING, w, IN

OPTIMUM CONFIGURATION

UPPER PANEL
'F] = .04]]
tgp = 0867
Ci=.9
t‘-/S = 00548

TEMP 1 = 256°F
TEMP 2 = 119°F

Sy = .4925

LOWER PANEL

tps5 = 0445

tF4 = .0389
Ca=.21

t./S = .002

SPAR WEB t,, = .08
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&.3 BOX BEAM WITH SKIN AND STRINGERS

- . The purpose of this section is to determine an optimum box beam stiucture =
vnder a non-uniform temperature distribution and given overall dimensions

ond for a given opplied bending moment, shear laad, and reverse opplied
s- bending moment.

PdaSelMLE V) -
" e L] -
. ‘-

-

Initially, for a better understanding of the problem, an {-Beom was investi-
gated to obtain some preliminary optimization equations. It was found thak

2 —~ NN
LI AP 8
[y LR
'

3 i the best approach was through the use of strain equations. To start with, an
- upper cap thickness was assumed alo?g with.an applied strain and oppropriate
- . strain and moment equilibrium equations *-tten. The sfrain was then varied :
i .. until the equilibrium equations were sciic™ ... The only restrictions placed 3 )
: on the cross-section were shat the upp: - cop- and web be at their critical 3 s
4 : buckling strains. The lower cop area was determined b/ assuming it is L
’ .. critical in tension and calculating the area from the applied moment, SN
. ‘ . Another thickness was assumed and the applied strain varied until the equil- 1L7 o
i - ibrium equations were satisfied. After several values of the upper cap E: c
. thickness were assumed, a plot was made of total area versus upper cap 3 .‘- ®
3 ¢ thickness. The upper cap thickness at the minimum erea was then taken os R
L - the optimum thickness. RS
3 ) ) F w‘:
‘7 ' It is this same general approach of using strain equations along with appro- 3 :-‘_:}_\'
- - priate equilibrium equations that is used in determining an optimum box beam N
- . [
- - with skin and stringers. Two types of box beams ore considered here, one 1
‘ with straight webs and one with corrugated webs, The box beam with
‘. . straight webs will be considered first. 2
- i " 6.3.1 BOX BEAM WITH STRAIGHT WEBS s
S - :
-
= - It #s ossumed that the optimum structure will be similar to the one shown i
4« belsw in Figure 6,13, «
(:‘, - 3
b . 1 A
F.» : E
] / '
3 T s’
4 L
. ! bw
. ‘ _L /
t‘; : » cL | 4
e R
K. BOX BEAM WITH STRAIGHT WEBS L 3
b FIGLRE .13 .
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The structure is onafyzed in three ports; determination of lower cap orea
and skin-stringer configurotion (Section 6.3.1.1), determination of vpper -
cop orea and skin=stringer configuration {Section 6.3.1.2}, ond analysis
of the box beam (Section 6.3.1.3).

6.3.1.1 DETERMINATION OF LOWER CAP AREA AND SKiN-STRINGER
CONFIGURATION

The lower cap is acted on by an opplied moment, M,, and o reverse moment,
Mg. The cap hos a total width CL. [t is assumed that the lower cop is ot a
uniform temperature and colder than the upper cop.

As a first approximation it is assumed that the lower cop is critical in tension.
The areaq, Ay, of the lower cap is then calevtated by:

AL=M : (6.3.9)
wa tul

where Fyyg is the ultimate tension stress ot room temperature and by, is the
arm through which A( acts (in this case the depth of the box beam).

A minimum skin thickness of .020 inch is assumed os a practical limit. There-
fore, Af mustbe 2 ,020 CL. If Aj, calculated by Equation (6.3.1) is less
than this volue, Agis taken as:

Ag = .020 CL ' (6.3.2

Since there s a reverse applied moment, Mg, present that will induce com-
pression into the lower cap, the lower cap must be checked to see if it #s
critical in compression and add the necessary stringers for the given area,
AL, to sustain the compression lood., An effective area, A.ff, {that port

of the lower cap area that remains stable under a compression load) &
determined by:

At = Mg 6.3.3)

by Fallow

where Fgllow is some allowable compression stress (Fajlow = Foy is
suggested.

The volue of Ayff is then checked against Af calculated by Equ stions (6.3.1)
or {(6.3.2). If AL<A g AL is taken as

Ay = Agf 6.3.4)
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Considering the fower cop os a sheet with no stringers, the effective orea
smay also be defined, by the method outlined in Section 2.1.6, os
S

fe

where Fe; is the allowable plate buckling stress given by
2
F_=K EI max
i (LcT )
where Py s the moximum skin thickness given by

tmax = AL
CL

and K__ s the plate buckling coefficient (K = 3.62 for simple supported
edges) or,

For = KGEL (_A_l;.)
cLy .

2
(6.3.6)

fe is the compression stress on the lower cop and is calculated by

=M
fc bw"‘—AL . . (6.3.n )

Now substituting Equations {$.3.6) and(6.3.7) into Equation (6.3.5),
2 1/2
ALy © [ KErbuAL

The maximum stress, on the lower cop is then calculated by

f‘:mcxx
meQx = .hf_.R_. (6'3’9)
w Aeff

where Agff is calculated by Equation (6.3.8), or

2 3 12
foma = ( .9_'-) My (6.3.10)
AL KcEiby AL
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The valve of f . is then compored with Foffow. fenae < Fallow

the lower cop configurationt is determined os o sheet of thickness ty = A, /CL
ond no stringers.  On the other hond, i f > Fallow s

to add stringers to carry the compression log?‘pfoduced by the reverse applied
moment, MR. As on initial approximation the number of stringers, n, is
assumed to be 2. The skin width, by, (distance between stringers) is given
by .

The allowable buckling stress, v, o, 15 given by
[ 4

t 2
)
L

.

where Ky is the buckling coefficient for the skin (K|, = 3.62 for simple
wpportef? edges). Solving for the skin thickness, t|,
Y2

For

Lh

ey e v o P

P et LI J » - .,

1 r T Pl Vet 3
'0:_" [ .)x’“'l._,L L atx

Also,
A 2 Mg : i
e !
6.3.13 N
o {3 ) A o 63 13
L . 1 SR
But, by Equation (6.3.3), f
=M . o
by Faliow . v 8
Substituting this value of Aff into Equation {6.3.13), E oy
) 2 2 :.‘x‘
. Y My 6.3.14) - n
o (mar;r) WA -
. - ]
Substituting this value cf F . into Equation (6.3.12), o

2 12 -
rt=(Mi by ) 6.3.15 .
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This valueof t; s then compared with the moximum possible skin thickness,

taox Given by .

D teex = M : (6.3.16)
- CL

Bty >t then n must be chariged by

0 = n1+2 6.3.17).

and the above procedure repeated starting with Equation (6.3.11) until
f <tnaxe This procedure, i effect, adds stringers unfif the cross-section
is able to sustain the compression lood:,

Kty <tmox, *l. must be compared with a minimum skin thickness (.020 inch).

1 < .020 ty is set = .020 and A} recalculated along with tax in
Equation (6 3.18).

The ollowoble compression stress, Fgllow may be defined by

2 .

t

Fallow = Kestr Ei (b::r ) (6.3.18)
. r - *

where tgtr s the stringer thickness, bgy, is the stringer height, and Ky is
the buckling coefficient (Kegy, = .385 for one edge free).

In terms of the stringer areaq, Asf,, Equation (6.3.18) may be solved for

tsiy by
1/4
‘e = (Fanow Asf?) (6.3.19)

Kcsh' B

The stringer area, Agty, may be defined by

t - ) CL
Ay = (tmax_~ %L = bty by (6.3.20)

n

where t,0x = Al/CL and n is the number of stringers. Substituting this
value of Ay, into Equation (6.3.19),

trase—t CL
toge = F"”°;’ (tmox 11 : (6.3.21)
n Kc“r EL
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Equation {6.3.20) may be solved for by, by

= (max-f) CL 6.3.22)
n tge

bsh'

The effective skin width, beff, (width of skin that remains stable under the

compression load) may be calculated by . -

best = Ay = - Me (_'__
b A biw Falfow At}

by Mg
by AL Fallow

begs = (6.3.23)

The cross-section must now be checked to determine if it is critical os a
column. The column allowable, F, is calculated by

a2EL = ,,2E[x|xl.5
(IV2) 2 (hygy bte + 1y beff) 12

(6.3.24)

where L is the length of the columr and the moment of inertia, I, is cal-
culated by

3
bstr N+ tste bgfy (6.3.25)

2 LI RS
=1, b +b
L Peff ¥ str sfr(2 2 2

where y is the distance from the upper skin to the neutral axis and is given

by

‘ 2 [ -
— EAnYa _  fp berr + (ur #2007 1y,

Yy = (6.3.26)
ZA, 2 (t1 beff + bgtr tstr)

This valve of the column cllowable, F., calculated by Equation (6.3.24)
must then be compared with Fallow. lf Fe < Fgllows the number of strinyers,
n, must be increased os in Equation(6.3. l/) and the above procedure re~
peated, storting with Equation (6.3.11) until F¢ 2 Fgliowe

FF. 2 F allow the configuration is determined and the last values of Ay,
tL tstr, bsf,, and n are taken as the optimum values,
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6 3.1.2 DETERMINATION OF UPPER CAP AREA AND SKIN-STR!NGER

CONFIGURATION

The vpper cop will consist of skimr and stringess similas 3o thet showr i
Figure 6.15 below.

0 (7 I
t“‘— bbb~
UPPER CAP

FIGURE 6.15

For the purpose of analysis only one T-section will be considered. The
temperaturg of the upper skin and stringers are a function of the skin
thickness, t;, ond stringer depth, h, respectively os outlined in Reference
4, A typical temperature-thickness curve is shown in Figure 6.16.

It is assumed that for optimum design, the section will be critical os @
column, the stringer will be stable, and the skin will be subject to local
buckling. The loading on the upper cop is assumed to be an opplied strain,
ey, (produced by the applied moment M).

For a given skin thickness, t;, ond stringer spocing, bg, aratio, R, of
stringer areo to skin area (R =t h/t,b ) is assumed along with the temperature
of the stringer, Ty, At failure the strmger is ot yield strain, e, . In order
to determine the stringer geomerry, the stringer strain, e, is assumed to be
at the critical plate buckling strain, €crp,e 02
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b= ey = Cory ™ "ca(;"-’—) 7 (6.3.27)

where Kci, is the buckling coefficient (K., = .385 for one edge free). e
may be found from the Romberg-Osgood relationship described in Section

20 -
o, = e 6328
JE . -

Solving Equation (6.3.27) in terms of %md.l.

V4
h= ( 75 ‘%) ¢, b, R) V2 (6.3.%9)
\

——————

The temperature of the stringer,. T, ; may now be found from Figure 6.16 and

campared with the value of Ty, assumed; a new value of Ty, assumed and the
above procedure repeated until the value of Ty, obtained from Figure 6.16
agrees with the value assumed, At this point the stringer depth, h, is
defined for the assumed value of R.

The strain on the upper skin, eg, is defined by

eg=dl + {egp + ep + eT) = e, (6.3.30)
where e, is-some known strain.
The strain on the stringer, ey, is calculated by

ep, =alp, + (eap tept e7) (6.3.31)

Solving Equation (6.3.30) for (éop tept eq) ond substituting in Equation
(6.3.31),

eb=eu+¢l(Ts~Tb)
and

(6.3.32)

e = ey (6.3.33)

The allowable crippling stress, F_, as defined in Section 2.1.6 is found by

F _anEDAnCn = FSEstSbsCs + FbEbfb h Cb (6 3 34)
e ZhA, Eths + Ejfy b o
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where F_ is the stress associated with the stoin found by the Romberg-Osgood
rclahons"up exploined in Section 2.0 and C_ is the effective area coefficient
outlined in Section Z, 1.4,

Since the stringer is o stable element C = 1. On the other hand, the skin
element is subject to local instabilities and therefore from Section 2.1.6,

< =() 2 n [ Ky V2
Y By e )
| 1/2

t K
B = [1+3 (?;;)m.j [TFes > ecr,

or : (6.3.35)

.G =1 ife, <

Se
s - ey

The stringer stress, Fy, is ossumed to reach a cutoff stress where Fb = F)'b
for the optimum design. .

Substituting thes values of C, and Fb into Equation (6.3.34) .
2 A’ 3 ~ \1/2 3/F 1/2
§“NKe EL  (F [l+7(F—‘-) j‘/ + Fytbh
Ys
Esf,bs + Eptp b (6.3.36)

cc

The maximum crippling stress (Foc)pax is found by differentiating Equation
(6.3.36) and equating the derivative to zero.

- 2k, 8 <F)‘/2[:+7“‘) ]

2 (Esf;bs + Ephy h)

-3/2 - m-2
SR Mars

F)'s

-1/2

_dFee
dF,

=0 C (6.3.3)

Solving Equation (6.3.37) for F,,

]
Fs = Fy, Eﬁ)] m=] (6.3.38)
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" Substituting this value of F, into Equation {6.3.36) end putting tbh interms

of R,

1 |2
{;:_ \/Kcs B Fy, (_"_‘:2_) (zm?f "TT +F,, ER

The nevtral axis is located by

y= TE AR = EA(_ZK) C.+ R (ih'«r t)
XEA, E, + ER

The allowable column stress, Fc, is calculated by Johnson's Parabola.

(Fedmax SACn
T+ 472 @kea,

{6.3.40)

F_ = (Fec)pax

(6.3.41)

(Fedmex 12 (Co + CLR2

6”2 R (E5+EbR)(—%-+ E—’-’—;-h— ﬂJchb.{.—h%_z)

The elastic opplied strain, eqp, on the cross-section may then be calculated

by:
Coplecte = E3AC o FalSt GR) (6.3.42
P . LEaAq E + ER
Also egp may be calculated from the equilibrium equaticn by
6.3.43)

ep = ZFAC, = FC +RCR
SEA, E, + ER

where Fg and Fy, are the stresses ossociated with the strains e5 and ¢ respec-
tively, calculated in Equaticns (6.3.32) ond (6.3.33).

This value of €gp calculated in Equation (6.3.43) is then compared with
(eap)calc found by Equation (6.3.42),

(6.3.44)

Aegp = egp - (eop)ca!c

The value of R {ratio of stringer orea to skin area) is then changed and the

above procedure is repeated starting with Equation (6.3.29) until eg, = (enp)colc
or  Aeg, =0, This ther satisfies the conditions of equilibrium ord the
cross-section is ot the criticol column stress and the optimum cross~section hes
been achieved for a given stringer spacing. bg, skin thickness, t;, and
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The fotal area of the upper cop s then calculated by:

Ay = bC,L (isbs + th) = CLt, (3 +R) 6.3.45)

6.3.1.3 BOX BEAM . : . N -,

The box beam, consisting of two spor webs, ‘and upper and lower cops, s : -f

similor fo that. shown i Figure 6, 17 below. =5

®

: :j

T

. .J

A, 7 : _3

AN : e

W ] ':5:3:;1

3 oy

cL —{:‘\ AL :

BOX BEAM

FIGURE 6.17

The box beam is assumed to be loaded by ar opplied moment, M‘,, producing
compression in the upper cap, or a reverse moment, Mg, producing tension
in the upper cap, and a sheor load, Q, on the webs. It is essumed that the
temperature of the webs and lower cap are known, and the temperature of
the upper cap is a function of the upper cop thickness.

First, the lower cap areq, Ay, and skin-stringer configuration are determined
by the method presented in Section 6.3.1.1.

To start, a value of the upper cop stringer spocing, b, is assumed along with
values of the upper cap skin thickness, t;, and the upper cop opplied strain
ey.
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The web strain, ey, is coloulated by

w = (Tu';TB) ™ (TW.TB) * ";L * (6.3.46)

where e 7s on assumed bending strain consisting of both thermal and opplied
bending strains. Ty ond T, are the temperatures of the web and upper cop
skin (discussed in Section 6.3.1.2) respectively; T is some reference temp~
erature ( room temperature); @ , and a ., are the coefficients of thermal
expansion of the web and upper cop.

The lower cap strain, ey, is calculoted by
eL = a'u (Tu-'rs)- aL(TL—TB’ +eu + ebL (6.3.47)

where ey, s a bending strain consisting of both applied and thermal strains
and Ty isl}he temperature of the lower cap.

The spar web strain, e, is assumed to be the strain of the centroid of the
web; therefore,

= b _ (6;3.48)
b T —

Substituting this volue of ep,, inte Equation (6.3.46),

ow = a“’ (Tu"'TB) -, (To~T8) + ¢, *+ °bl/2 (6.3.49)
and _

¢ =a, (T,-Tp - al(TL-TB) +e, + bt (6.3.50)
A value of e, is ossumed (compression) and to start, let e}, L= 0. -

From the strains, ey, e, and e}, the stresses associated with these strains
may be calculated by the Ramberg-Osgood relationship described in
Section 2.0. With these stresses, §,,, f,, and fl.' the comresponding Secant
Moduli, Es, Es, ond E’l.' may be found by:

E=f (6.3.51)
e

The optimum structure is one in which the spar webs are at both the critical
compression buckling stress and the critical sheor buckling stress. From

this assumption it is possible to calculate the spar web thickness, t,, by the
method described in Section 6.2.1.
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At this point tha upper cop area, “u' and the slin-stringer configuroivonr one
determined by the method outlire d in Section 6.3.1.2 for a given skin
thickness, t, stringer spacing, b ond strain, e,. However, if the value
of h (stringer height) exceeds some maximum value (such os b /2) anew
valve of e must be chosen and the entire procedure started over ogain.

I e T e B e

-t

The nevtrat exis is focated by

Y = ZEqAYa ' © easy
- 6 Ay '

where Yng is the distance from.some reference axis to the centroid of element
- n. In this case the reference oxis is token to be an axis passing through the
f centroid of the upper skin. Therefore,

E‘S fw + EsLAwa

!
~|

(6.3.53)

. ZESW tw bw'i' ESL AL+ ESUAU

At this point the moment equilibrium may be written as:

- My= Y e EnAnyn o (6.354)

e (R A RPN 2 0m D0k e % 4 ML bl 5
g RS MR RARAE I SRR TG #+ po et
i

. - © _ bw
Mu.-_-(e"E,uCLtsCs+Fb .B: i, h) 7'°wEswzbw'w(Y“2"‘)

v

')
1@ 20,
1 YR

NI s
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i
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"
3 .

+ e B A B, -7) (6.355)
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The stroins e, ond e may be written in terms of ¢, from Equations (5.3.49)
and (6.3.50). Equation (6.3.55) then becomes
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A Solving Equation (6.3.56) for ebys ’ I~

Ct
z { M; +(euE CLt; Cg+Fp, by tbh)7
q bw
: 2

- [eu-l' @, (f,-Tp- a, B'?]E 2b,ty —27)

Kt Kehu A

»

'Eu+au(Tu'TB)‘aL(TL’TB)J EsLAL(bw';)}/ [EsLAL(bw";)

-~ bw
+E, by (7~ 72 )] (6.3.57)
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The value of ey calculated by Equation {6.3.57) is then compared with the
value of ehy assumed in Equations (6.3.49) and (6.3.50). A new value of
eby is ossumed and the stops outlined in Equations (6.3.49) through (6.3.57)
are repeated unti! the vaive of ep| calculated by Equation (6.3.57) is com-
patible with the value ¢! ey assumed.
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Next, the axia! :train equilibrium equation may be written.

LI S Be i Ba s, 5 o i
TR L e

TeEyAp=0 (6.3.58)
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_where Fi_is the stress associcted with the sirain on the siringer calculated in
the upper cap in Section 6.3.1.2, Solving Equation (6.3.98) for e,

“FoCL t h-2e, K, tyby e By A ..,...-J
be (6.3.59) ®
E, CsClts
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: i The vaiue of e, calculaied by equation (6.3. 59 is then compared with the :__:

' value of e, assumed in Equation (6.3.49): A new value of e, is assumed ond - - "-‘J

the above procedure, starting with Equation (6.3.49), is repeated until the
-- value of e, calculated by Equaticn (6.3.59) is compatible with the assumed
value of .

The structure is now in complete equiltbrium since the conditions imposed by
Equations (6.3.57) ond (6.3.59) have been sotisfied. .

- Next, a new value of upper skin thickness, te, is assumed and the entire
procedure outlined above is repeated until the necessasy equilibeium con~
ditions are satisfied. After several values of the uppes skin thickness hove
been assumed, a plot may be made of the total area, Ay (A= A ,+ 2byty
+ Al), versus t5 for a given stringer spacing, bg, as shown in Figure 6.18
(o). This curve exhibits a minimum value of A at some value of tg. This
point is the optimum design for a given stringer spacing bg. The minimum
point may be calculated by detemining three poini. and assuming a parabola
through them as discussed in Seciion 6.4.

A new value of the stringer spacing, bs, is assumed and the dbove procedure
repeated for several values of t5 to determine another curve of Ay versus ts.
A typical graph of Ay versus t, for several different values of by is shovw.a in
- Figure 6.18 (b). A plot is then made of (A7) iy versus by as shown in Figure
6.18 {(c).

- The stringer spacing, b, at the minimum of the curve shown in Figure 6.18
(c) is the optimum stringer spacing and the optimum structure has been defined.
X However, it is possible that the upper cap may fail in tension when the

- reverse moment, MR, is applied. Thus the upper cop area must be tested to
see if it is capable of sustaining such a tension load and, if necessary,
adjust the upper cap area and skin stringer configuration fo sustain the tension
- load produced by Mg. The minimum upper cop area, Amin, required to
sustain a tension load produced by the reverse moment, Mg, .is calculated by

- _ MREEnAn

- Amin = B3, E, A,
T - Mg (Es t, b + Ep 1y h) (6.3.60)
1 .
2 1 Bu (Frog 5 15 b+ Fry Byt P R
’4 : where Fy,, and Fy,_are the ultimate tension stresses of the uppe- skin and "2 ;
) I stringers respectively, If the minimum area shown in Figure 6. 18(d) is less =
3 than Apip, caleulated by Equation (6.3.60) a new by must be chosen such that s
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time for this new value of by, This, then is this final optimum design of the
box beom. {t should be noted however, that this is an optimum design for
a given 1ib sparing, L, chord length, CL, box depth, by, opplied primary
moment, M,, reverse moment, shear load, Q, and tempercturz distribu~-
tion thwough the spar webs and {M

The 1BM progrom to perform this opfimization is presented in Appendix D.
6.3.2 BOX BEAM WITH CORRUGATED WEBS

It wes pointed out in Section 6.2.3 that the conugated spar web design
should be considered when thermal stresses are present since the corrugated
spar web will not restrain the hot upper cop from expanding and the thermal
stresses inducec in the structure ore much lower, thus permitting a lighter
weight design. However, the comugated spar webs will allow greater de-
flections ond a considerable weight penalty must be paid in the case of @
stiffness design.

The lood, P, corried by the upper and lower caps con be determined directly
for the corrugated spor web case. P may be calculated by:

P = —— . (6.3.61)

The upper ccp areq, A,,, and skin-stringer configuration is determined by the
method described in Section 6.3.1.2 after a value is assumed for the upper
cop opplied strain e,,. P may then be calevfated by:

P=f1,CL+fy-C o . (6.3.62)

where f and fy are the stresses ossociated with the strains on the upper skin
and >frmgers respectively. The load calculated by Equation (6.3.62) is then

compared with the aclual load coleulated in Equation (6.3.61) and a new value

of e, is chosen and the procedure repeated until the calculated load is com-

patible with the actuol lood.

The lower cop area, A;, and skin-siringer configuration is determined by the
method outlined in Section 6.3.1.1.

The design of the corrugated web is then determined by the procedure described

in Section 6.2.1.
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The design procedure to this point has been for a given upper skin thickness,
t,, ond stringer spacing, b. As in the straight web cose, two more velves of
f5 ore chosen for o given b;.  The area of each configuration is computed by:

AT = AU + '2 Ay + Al. . (6.3.63)

The porabola method of Section 6.4 is again used to determine the minimum
orea configuration as a function of the skin thickness, #;. This procedure is
repeated for two more values of b, to determine the minimum area configuration
with respect to t; and by,

The IBM program for both the straight ond corrugated spor webs is presented
in Appendix D.
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6.4 PARABOLA CURVE FITTING METHOD

The porabola curve fitting method s used in this stody for-the primovry .
purpose of describing the optimization curves generated by the high speed
computer date. The general form of the equation used in this mathod is:

y=Ax2 +Bx +C (6.4.1)
A
To compute the exact equation for the optimization curves, a minimum of
three points are required. These three points con be described os xyy,,
%2y2, ond x3y3. Using these points in the general equation, the following
three equations can be written:

y]=Ax]2+Bx1+C

y2 = Ax3 +Bxy+C _ (6.4.2)
< Axg + Bxg +C )

Solving these three equations simultaneously the following values for the
constants A, B, and C are obtained:

o yamya) - ly1-y9)

(kg +x3) - - (x)+x) ‘ ' {6.4.3)

B= yy-y2 . A ' = (6.4.4)
X} = X2 x) * x2

C= yz-Axl+xy 0172 = Axg (6.4.5)

(< - xq) ] = %y

Substituting these constants into the general equation, an equation through
the three chosen points is obtained. In this study the primary objective is
to estimate the minimum value of the parameter y with respect to x. The
point on the curve at which this minimum occurs has a slope equal to zero.
From calculus it is known that the first derivative of an equation gives the
slope at any point on the curve. The derivotive of the general equation is:

& - 2 mes | (6.4.6)

If the slope dy/dx is set equal to zero the equation can be solved for the
parometer x.
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This value of x is then the point at which the misimum or maximum value of

y occurs. Certain controls have been placed in the computer progrom to

insure that it is a minimum which is computed cndthot the valuesc T
relatively accurate value, ,
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6.5 CONCLUSIONS

I summary, opfimizationr methods hove been developed for Your types of box
beoms; honeycomb box beam with shraight or corrugated webs and infegro?
sking-stringer box beam with straight or comugated webs. One of the
principle features of these optiniization methods is their obifity to hondle
variable temperature gradients. However, as with all progroms, cestain

restrictions and limitations must e imposed. The foliowing parogrophs describe

some of these restrictions ond limitations along with msvggesfed appli-
cations of the progroms.

it mist be pointed out the optimization program ptaenfed'h Section 6 is for
a variable mold line sinte the box beam depth, b, is token os the distance
between the centroids of the upper and fower caps. Thus the mold line will
vary, depending on the skin thickness ond stringer depth. However, this ~
variation in mold line will be small and a good approximation may be mode
of the optimum design.

The optimization methods presented here are for a fixed rib spacing, L.
However, the designer may easily optimize for the rib spacing by caleulating
the optimum design for several different rib spacings and including an
additional term to account for the weight of the rib as a function of the rib
spacing.

The optimum design at elevated temperatures may not be optimum at room
temperature and may, in tact, not be able to sustain the opplied lood ot
room temperature. Therefore, the programs presented here.must be sun for

room temperature to see if the box beam is indeed critical ot room temperature,

A plot may be made of the room temperature optimum curve os shown in
Figure 6.19. The intersection of these two curves is then the optimum design
point when both room temperature and 2levated tenperature are considered,
except when the minimum of one of the curves lies inside the envelope
described by the two curves,

Elevated Temperature

Room Temperature
Area

Optimum Point

Design Vasioble

SUPERPOSITION OF ROOM AND ELEVATED TEMPERATURE
OPTIMIZATION CURVES
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This principle of superposition of optimum curves moy be extended to other
poramefers produced by different flight canditions ond o design
estoblished to determine on optimum strocture that will satisfy alf of the
conditions imposed upon it. A typical example is shown in Figure 6.20

below.
Condition }
}
) } Optimum Point
4
3
4
"Design Variable
SUPERPOSITION OF MULTI-CONDITION OPTIMIZATION
CURVES
FIGURE 6.20 .
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